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AN EVALUATION OF BANK STORAGE AT LAKE MEAD RESERVOIR IN THE 
SOUTHWEST UNITED STATES 
 
A water balance model is employed at Lake Mead to monitor and verify changing 
hydrology that affects total volume at the reservoir. Bank storage, which is defined as the volume 
of water captured in permeable lithologic layers subject to changes induced by contact and 
proximity to an open waterbody, is one component that is updated regularly and is based upon data 
and methods that were developed in the 1960’s from observations made within the first 30 years 
of the reservoir's maturation. Since this period, the reservoir has undergone further development 
and a current understanding of additional hydrologic affects to bank storage remain unknown. This 
study has updated hydrologic data from 1964 to 2018 expanding the current water-balance method 
and discrepancies are noted. Percent change in calculated bank-storage decline from the early 
1960’s until the early 2000’s, with values that transition from positive percent of total-change to 
negative in the late 1960’s, suggesting other influences on the system are taking place. Previous 
studies note the affects from the groundwater system may contribute to this potential error yet 
remain unexplored.  
A MODFLOW two-dimensional numerical model is constructed around Boulder Basin to 
simulate the movement of groundwater and bank storage as affected by change in Reservoir 
volume. Simulations of water flow through the near-shore aquifer around Boulder Basin suggest 
that in the first year, the regional-scale groundwater aquifer system interacts with bank storage in 
unconsolidated sediments and basin-fill deposits during periods of increasing Reservoir volume. 
Areas of high porosity are quickly saturated and the exchange between the groundwater system 
and bank storage occurs. Simulated periods of draining at the Reservoir show water that is pulled 
 iv 
from unconsolidated sediments, basin-fill deposits, and consolidated and fractured volcanic and 
carbonate rocks. A system dynamics model is constructed to simulate the water-balance method 
and is calibrated with available hydrologic data from 1964 to 2018. A statistical comparison of 
model data and water-balance calculations is done to show potential error and observations. Using 
a two-dimensional numerical simulation coupled with an analytical solution, this study provides 
evidence for a strong groundwater influence on the bank-storage component within the Reservoir. 
Furthermore, potential error associated with data frequency and computation is noted. Given the 
complications listed in this study, a basic analytical summation of hydrologic properties in a water-
balance equation may be insufficient to fully realize a comprehensive total value of bank storage 
around the Lake Mead reservoir.  
This study investigates whether previous methods used to define bank storage are adequate 
considering the updated knowledge of the natural systems affecting the Reservoir. Results show 
that a percentage derived from a water-balance equation is insufficient to understand the 
complexity of the near-shore surface water and groundwater interactions. Included in this analysis 
is an effort to examine how updated measurements change the Reservoir storage. This study has 
reduced the 6.5% of total change in Reservoir volume down to 0.54%. This simplification of total 
bank-storage exchange required a broader evaluation of the region surrounding the Reservoir. This 
study decreases the previous bank-storage results and increases the value of the connection 
between the groundwater system and the Reservoir. Finally, results from previous methods are 
compared to values using the more robust system of analysis outlined in this study. While bank 
storage quantities are reduced, a broader analysis of the region surrounding the Reservoir should 
be completed to narrow and refine current calculated values. Data collection using current 
hydrologic engineering techniques should be employed to address this data gap. This data 
 v 
collection is needed to achieve a more precise value, and a combination of numerical simulations, 
and higher resolution data collection, incorporated into an analytical model, may be needed to 
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DEFINITION OF KEY TERMS 
	
TERM DEFINTION 
bank storage Bank storage is defined as the volume of water captured in 
permeable lithologic layers subject to changes induced by 
contact and proximity to an open waterbody. 
bank-storage exchange Movement of waters at a reservoir’s banks by infiltration with 
the movement of water into the banks when the reservoir stage 
is above the level in storage, and out of the banks when the 
reservoir levels fall below the water in storage. 
capture zone Three-dimensional volume in the groundwater flow-field that 
dynamically stores and discharges water. 
hydraulic conductivity (k) Value describing the rate at which water moves through a 
porous solid. 
permeability Value identifying the ability of water to move porous solid 
inorganic material that is positively affected by an increase in 
porosity. 
porosity Measurement of the volume of pore spaces between solid 
inorganic material. 




Open body of water used to collect and store water for 
consumption that is controlled by engineered structures.  
Reservoir A reservoir specifically referring to the reservoir at Lake Mead. 
residual Value calculated in water-balance equation that equals the 
remaining water from the difference between inflow, outflow 
and change in volume components. 
specific yield (S) The quantity of groundwater available for pumping 
Transmissivity (T) Value identifying the rate of water to flow laterally through 
porous material, expressed as the Hydraulic Conductivity 
multiplied by the aquifer thickness. 
water balance The measurement and comparison between inflows and 
outflows to a hydrologic system. 
 1 
CHAPTER 1: INTRODUCTION AND PROBLEM STATEMENT 
1.1 Introduction 
Observations of inflow, outflow, and volume changes at a reservoir are reasonably used to 
identify available water. Unknowns, however, exist as values associated with trapped water in 
sediment pore-space are estimated based on differences in inflow and outflow when compared to 
changes in reservoir volume. Essentially, the water-budget in a reservoir is used to describe total 
free water; if all inflow and outflow parameters are known, then the differences between these 
quantities should be identical if the reservoir maintains its volume over time. Examining the 
differences in volume change and inflow and outflow components result in residual water that is 
accounted for as trapped in sediments and termed “bank storage”. The concept of bank storage 
was previously defined as water filled pore spaces in nearshore and submerged sediments that rises 
and fall with the water table in near shore sediments (Houk, 1951). Various methods have been 
employed to measure bank storage and, while reasonable, results are generally considered a small 
portion of available water for use. Further, the interaction with the nearby groundwater system can 
complicate the identification of source water; water that is imported into a system via groundwater-
flow is previously not differentiated from water that is supplied or affected by bank storage.  
Lake Mead, within the Colorado River, in Nevada and Arizona, is a water reservoir that is 
located in the Colorado Regional Groundwater Flow-System (Figure 1). Operational guidelines 
developed by Federal water resource managers address impacts from policy on the distribution of 
waters in the Colorado River system, and reservoir at Lake Mead. Research, which includes a 
computer models and summary reports based on a water balance analysis, is used to identify 
current and potential future water-resource availability, and conditions that impact operations on 
the systems reservoirs. The result of this on-going effort is meant to provide greater certainty of 
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water supplies to users and managers in the southwest basins. Although, as with any predictive 
simulation, the accuracy of the systems model is dependent on the quality of the input data, and a 
continual evaluation of input parameters from ongoing studies that include statistical averages of 
historic data, and reevaluations of older analysis.  
 
Figure 1. Location of study area, surrounding population areas, and physical characteristics. 
 
1.2 Problem Statement and Research Question 
Water-supply at the Lake Mead reservoir is stressed by population growth and urban 
expansion, especially during periods of diminished recharge from drought. Water-resource 
managers rely on predictive solutions that assist decision makers when addressing these concerns. 
The water balance methods employed at Lake Mead is constructed to monitor and verify multiple 
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aspects affecting total volume at the reservoir. Some items, however, have not been updated or 
addressed since the period following the formation of the reservoir.  
Sedimentation at Lake Mead is ongoing, and waters trapped in aquifer systems have 
changed as a result. The first 13 years of the Reservoirs development, sediment accumulation 
occurred quickly, slowing after the construction upstream of Glen Canyon Dam (Rosen, 2012, 
Table 1). The increase in sedimentation decreases the volume of free water in the Reservoir as well 
as increases the volume in the nearshore aquifer-system and bank storage. Bank storage at Lake 
Mead; however, is based upon data and methods that were developed in the 1960’s (Rechards, 
1965) from observations made within the first 30 years of the reservoir's development. Since this 
period, the reservoir has undergone changes that include “full-pool” in the 1980’s to drought 
conditions since 2005. Additionally, a current understanding of the regional groundwater flow 
system around Lake Mead has been updated (Wilson, 2019).  Groundwater flow in the region (on 
the Nevada side of the Lake) is shown to terminate at the Reservoir boundary (Figure 2). Recharge 
in the nearby mountains increase the groundwater gradient that are observed in the fractured 
carbonate-rock and basin-fill deposits. However, interaction with this groundwater system and 
bank storage waters from the lake remain unknown and are addressed in this study. Additionally, 
this study seeks to answer the following questions: 
1. Are previous methods used to define bank storage adequate considering the updated 
knowledge of the natural systems affecting the Reservoir? 
2. How do the results using updated measurements change the system? 
3. How do results using previous methods compare to values using a more robust 
system of analysis? 
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This study seeks to address this question and to explore components affecting and 
contributing to bank storage at the Lake Mead reservoir. Updated values of bank storage will 
improve the overall accuracy of estimated available water for Lake Mead and provide better 
estimates of reservoir conditions and operations. Furthermore, this investigation will reveal gaps 
in measured data needed to increase the confidence in provided measurements of bank storage. 
 
 







Figure 2. Regional groundwater contours in Clark County with red arrows indicating direction of 




The objective of this study is to investigate and analyze the accuracy and precision of bank 
storage and bank-storage exchange reported at Lake Mead in the desert southwestern United 
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States. Additionally, this study presents an alternative method that describes the historical 
development of bank storage at Lake Mead. Historical and updated hydrologic data have been 
compiled and are presented and explained. While limitations on the data sets are known and 
discussed, initial evaluations using previously defined methods (Rechard, 1965) generated 
questionable conclusions that prompted further analysis, and are discussed below. Original 
calculations proposed by Rechard (1965) are updated and two additional techniques are employed 
to further investigate the bank storage at Lake Mead Reservoir. Conclusions in this study provide 
an alternative approach to calculating values of both bank storage and bank-storage exchange at 
the Lake Mead Reservoir and propose to expand investigations in the area with additional studies. 
The author recognizes the importance of these hydrologic data interpretation related to this analysis 
and suggests new methods that may be used to further our understanding of the water resources 
provided by Lake Mead. 
1.2.2 Reasoning 
This study was developed from the analysis of bank storage at Lake Mead. Initial 
observations for the study prompted the development a system-dynamics model using the current 
methods developed by Rechard (1965), to identify Bank Storage, and the development of a 3-D 
numerical MODFLOW model of the Boulder Basin to examine ‘how’ (physically) bank storage 
propagates into the surrounding soil, unconsolidated sediments, and fractured rock. Once all 
pertinent data were imported, it was found that the original assumptions made in the 1965 report 
did not account for the continual development of the reservoir. Therefore, the study was modified 
to three steps that include: 
STEP #1 - Extend the original calculations made by Rechard (1965). In doing so, the tables 
with yearly data from 1935 – 1963 were recreated. New, monthly data from 1964-2018 were 
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gathered, and yearly data were generated. These new data were then added to the original tables 
and calculations were made to extend the analysis.  
STEP #2 - Create a two-dimensional numerical MODFLOW 2006 (Langevin, and others, 
2019) model that describes the physical processes that the reservoir experienced since construction 
of Hoover Dam. The Boulder Basin is modeled to show how filling the lake and interaction with 
the groundwater system can be numerically simulated. The Boulder Basin was selected because it 
is closest to the control structure (i.e. Hoover Dam) has all the components related to the reservoir’s 
fluctuation (i.e. inflow from surface water, diversion from water-use, and localized groundwater 
system). The model requires specific hydrologic attributes (i.e. sediment, and rock properties – 
hydraulic conductivity, water-level height (head), extent (shape of geologic material)). These 
values were obtained from previous studies and standardized values. The reservoir shape and size 
were estimated based upon existing bathometry (taken in 2010). Other environmental properties 
(i.e. precipitation, evaporation) are represented in the model, and result in small changes in the 
overall water accounting.  
STEP #3 – Development of a system-dynamics model that uses the available hydrologic 
data to analytically simulate the development of reservoir and the resulting bank-storage. Feedback 
loops are used to show the development of the lake and how each hydrologic parameter affects 
bank storage. The primary assumption with this method is the additional sediment deposition that 
will occur as the reservoir continues to mature and cannot be included as a modifying parameter. 
To account for this, the change in water-balance residuals is evaluated against bank-storage 
volume calculated from the numerical simulation. A trend in the difference between numerical 
simulation and water-balance from the system-dynamics model will reflect the accumulation of 
sediment. 
 8 
1.3 Physical and Geologic Setting of Lake Mead 
Lake Mead borders Nevada and Arizona and is divided into five bodies of water that 
include Boulder Basin, Virgin Basin, Overton Arm, Temple Basin, and Gregg Basin (Figure 1). 
Inflow into the reservoir is principally through surface water discharge along the Colorado River, 
with some additional discharge from the Virgin River, Muddy River, and Las Vegas Wash. The 
geology surrounding Lake Mead includes Cenozoic volcanic intrusive, sedimentary rocks and 
surficial deposits, Mesozoic plutonic rocks, Paleozoic and Mesozoic sedimentary rocks, and 
Precambrian crystalline rocks (Felger, and Beard, 2010). The structural complexity of the region 
is described in Beard and others (2007). 
The geologic units within the study consist of many rock types exposed to a variety of 
structural interruptions. The units are classified and described according to various descriptive 
factors that include (but are not limited to) age, stratification, structure, and grain size (Hansen, 
2018). This classification of units is insufficient for engineering purposes; therefore, units are 
grouped according to the hydrologic/engineering characteristics (porosity and hydraulic 
conductivity) that would apply to the descriptions of the unit and facilitate numerical model 
analysis described below. 
  
 9 
CHAPTER 2: BANK STORAGE CONCEPTS AND PREVIOUS STUDIES 
2.1 Basic Principles and Bank Storage Concepts 
The lifecycle and physical development of an artificial lake or reservoir is generally 
characterized in definable stages as water is filled behind a control structure like a dam or an 
overflow weir or flume. These stages can be measured using observation at points of inflow into 
the reservoir, and through measuring the thickness of sedimentation throughout the waterbody 
over time. Initial volume of a reservoir is reduced by the deposition of sediments from the inflow 
of contributing streams and rivers. Sediments plunge into the open water and increase the slope at 
the surface-water and open water interface (Figure 3). This process changes the volume of 
available open water in a lake or reservoir, and left unchecked, will shorten the lifespan of the 
control structure as sediments build up and water can overflow.  
The migration of sediment, deposited into an open reservoir, is defined by three 
depositional patterns that include bed load, suspended load, and wash load. Bed load is described 
as sediment that migrates along the bottom of the channel from an increase in shear stress from 
vertical velocity gradients from river or streamflow (Einstein, 1950). This buildup of sediment is 
a slow-moving process that measurably accumulates at the intersection of the inflow and reservoir 
boundaries. Suspended load is defined as bed material that is held in suspension due to stream-
flow turbulence. This material accumulates along the inflow and reservoir boundary as discharge 
velocities slow when transitioning into an open body of water. Wash load consists of fine-grained 
suspended sediment that does not fall out of discharging waters and are carried into the reservoir 
through physical or chemical processes. A reservoirs water-storage is impacted by sediment 
buildup as water is trapped in grain pore-space therein diminishing available ‘free-water’ capacity. 
For example, within the Lake Mead Reservoir, Ferrari (2008) noted increasing sedimentation 
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along the Colorado River profile when at the Reservoir intersection that reduces the free ‘open 
water’ space, and increases the sediment and available volume of Bank storage (Figure 3) This 
process can continue over extended periods of time and alter the total volume of the reservoir.  
These impacts to a reservoirs morphology can result in the reduction of the safe yield and therein 
reduce the water supply for a region.  
 
 
Figure 3. Soil profiles along the Colorado River channel at Lake Mead with changes in sediment 
over time (Rosen, 2018; modified from Ferrari, 2008) 
 
 
The initial reservoir volume is defined by ignoring sediment buildup using classifications 
that include ‘active volume’ and ‘critical capacity’ that illustrate a maturing reservoir. An active-
volume reservoir is marked by the available water to be used for various purposes that include 
drinking and power generation, while critical or available-capacity reservoir is meant to indicate 
the maximum amount of available open water stored without spilling (Stephenson and Petersen, 
1991). A reservoir’s capacity is further defined by changes to natural inflow and outflow, with 
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deterministic outflow waters or storage yield that are defined by societal demands on the available 
water supply. This form of water management can be deceptively simple and take the form of an 
accounting list, or water-budget that tracks total inflow and total outflow of a reservoir while 
observing change in reservoir volume. Data associated with this process can and are affected by 
various environmental factors and depending on the size of the reservoir, may impact total 
available water for public use. Thus, identifying and tracking specific data associated with the 
reservoirs total volume is critically important. Additionally, the reliability of measurements 
associated with determining reservoir volume (or storage-yield) are directly affected by the ability 
to measure volume and change-in-volume over time accounting for specific morphological 
changes that may impact total free-water availability.  
Changes in reservoir volume over time alters available free water. In addition, the 
deposition of sediments from inflow components increases the total water trapped in available pore 
spaces within the near-shore sediments. These sediments contribute to the overall effect to the 
nearby groundwater system through contributions to and from bank storage. Bank storage is 
defined as the volume of water captured in permeable lithologic layers subject to changes induced 
by contact and proximity to an open waterbody. A system in equilibrium (i.e. equal inflow and 
outflow components to a reservoir) exhibits stable bank storage with no exchange of waters from 
and to the nearby aquifer system. Natural systems, however, do not generally stabilize to 
equilibrium as many environmental factors that affect a reservoir system and are rarely 
unchanging. Thus, the exchange of waters to and from the nearby aquifer system is continuous and 
vary in magnitude of exchange. 
Bank-storage exchange is defined by the exchange of water to a reservoir’s banks by 
infiltration with the movement of water into the banks when the reservoir stage is above the level 
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in storage, and out of the banks when the reservoir levels fall below the water in storage. This 
exchange, while dependent on the reservoir level, is driven by; the soil water energy; the 
hydrostatic pressure exerted by the water storage; the soil and rock properties that make up the 
reservoir banks; the dynamic interaction with local and regional groundwater system; and the 
inflow and outflow measurements at the reservoir. This exchange of water is considered continual 
unless an operation stage is maintained, and reservoir level is constant. Additionally, these 
properties help define parameters of the hydrologic water-balance that is used to track available 
water in a reservoir system. 
2.1.1 Soil Water Energy 
Soil water exhibits spatial and temporal variation. This change in due to energy states 
exhibited in the soils. Considering kinetic and potential phases of energy, soil water movement is 
generally considered to be slow and dependent on geologic properties of the material. Soil 
movement’s kinetic energy (expressed as velocity squared) can therefore be negligible when 
compared to the potential phase, which is driven by the stage of the reservoirs level.  The change 
in reservoir level and reaction in bank saturation is expressed as the specific potential energy of 
soil water as it’s compared to the reservoirs level. This is specifically be defined as: 
“the amount of work that must be done per unit quantity (mass, volume or weight) of pure 
free water in order to transport reversibly and isothermally an infinitesimal quantity of water from 
a pool of pure water at a specified elevation at atmospheric pressure (standard reference state) to 
the soil [sic] water at the point under consideration in the soil system” (International Society of 
Soil Science, 1963) 
Positive potential is expressed as water moving into the soil, and negative potential refers 
to water coming out of the soil. This concept is generally simplified and referred to as the forces 
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that govern water movement in soil and termed the soil-water potential. This movement into and 
out of soils can be stated as the total water potential that is expressed as the sum of internal pressure 
potentials and stresses in relation to a reference elevation: 
 
!" = 	!% + !' + !( + !)	 
Equation 1. General form of the total water potential equation. 
 
 
Where !"	is the soil water potential (expressed as the energy density per unit volume; MPa); !%	is 
the gravitational potential (affected by the mass of saturated soils above a reference elevation in 
meters) ; !'	is the osmotic potential (affected most by pressure related to solutes in water); !(	is 
the matric potential-water potential of soils (affected by pressure exerted at depth below water 
surface); and !) is the external gas pressure (which is negligible in soils and expressed as pressure 
exerted on soil/water). This equation provides for identifying the state of influences on water 
movement; however, osmotic and matric potential are low energy measurements that account for 
water solute content and energy attraction in the soil matrix (respectively), and are negligible in 
large systems around reservoirs where gravitational potential of the free-water body will influence 
movement into and out of bank storage at a greater level. Additionally, influences from external 
gas pressure (i.e. barometric pressure) can also be considered a small component that is averaged 
out over long-term measurements. Thus, for large systems like lakes and reservoirs, total water 
potential is equal to changes in gravitational pressure in relation to a reference elevation.  
2.1.2 Hydrostatic Pressure 
 Hydrostatic pressure in a reservoir system is also primarily driven by gravity. As reservoir 
levels increase, hydrostatic pressures at depth also increases, however, this pressure is not 
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dependent on the total surface area or volume of the water body. The pressure, due to the liquid at 
depth, which is changed by the density of the liquid, the acceleration due to gravity, and the 
distance below the liquid surface. The driving formula is as follows: 
 
* = +%ℎ 
Equation 2. General form of the hydrostatic pressure equation. 
 
 
Where P is the pressure exerted on a particle at depth (Pa); r is the fluid density (kg/m3), g is the 
acceleration due to gravity (m/s2), and h is the height of the water column above the particle 
(meters). In a reservoir system, the hydrostatic pressure will exert force on available pore-water 
space, and fractures openings. This force will supply energy to the wetted perimeter around the 
reservoir and allow water to propagate through the bank sediments as water-levels change. 
2.1.3 Soil and Rock Properties 
 Infiltration of water into soils from energy and forces discussed above are dependent on 
the porosity (texture), permeability, and structure of the surrounding and underlying geologic 
material. Porosity is a measurement of empty spaces in a given geologic material. In a 
homogeneous mass of similar particle size, larger particles will have larger empty spaces and 
therefore higher porosity. Conversely, smaller particles in geologic material will have a lower 
porosity due to the smaller distance between particles. Permeability, another fundamental property 
of geologic material, is classified as the rate at which water can move through a porous material. 
Through this mechanism, water percolates deep into the geologic strata and may reach the water 
table or groundwater aquifer. 
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2.1.4 Groundwater Interaction 
Groundwater interaction with a reservoir system can modulate between receiving inflow, 
providing outflow, or both (Figure 4; Winter, et.al., 1998). As water moves through the subsurface 
strata, mixing of waters will occur at and below the water-table. This process is dependent on the 
porosity and permeability of the unit as mentioned above. Additionally, movement of water 
through the subsurface strata generally follow zones of preferential flow. This type of flow may 
occur through units with larger pore size; deflected around units with flow-impeding features that 
include low permeability. Therefore, preferential flow in the groundwater aquifer will follow a 
path of least resistance in and through subsurface material that with properties that are agreeable 
water interaction. Exchange of water between a surface reservoir and groundwater system occurs 
in a capture zone that is defined as a three-dimensional volume in the groundwater flow-field that 
dynamically stores and discharges water. Active movement of groundwater is the result of 





Figure 4. Lake (A) receiving inflow; (B) providing outflow; and (C) both scenarios (from 
Winter, et.al., 1998). 
 
2.1.5 Inflow and Outflow Data 
The compilation of temporal inflow and outflow data is necessary for water-balance 
calculations. Consistent data that is representative of the flow regime into and out of the reservoir 
requires datasets that can be organized and arranged to the methods of analysis. Data from flows 
within proximity to the affected reservoir is preferred. Data sets used in this analysis include inflow 
from major surface-water sources; flow from the regional groundwater flow system; precipitation 
and evaporation extrapolated over the area of the lake; surface-water outflows; and diversions due 
to water-use. 
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2.1.6 Hydrologic Water Balance 
Surface-water, groundwater, and atmospheric data are used for the evaluation of the 
hydrologic water balance of a reservoir system. that can be used to define the change in water 
storage. This concept is described by: 
 
∆. = * − 	01 − 2 − 3 + 4 
 
Equation 3. General water-budget equation. 
 
 
where ∆.  is the change in water storage, P is precipitation, ET is the evapotranspiration, D is the 
subsurface drainage (i.e. groundwater contribution; assuming reservoir is at the terminus of a 
groundwater drainage), O is the outflow from the system, and I is the inflow into the system. This 
approach assumes a system in balance if all hydrologic parameters are accounted for in the process. 
Differences in the sum of hydrologic data and the total change in storage are considered residuals 
and are defined as the volume of bank-storage exchange.   
2.2 Previous Studies 
Several studies are available that examine the exchange between reservoirs and near-shore 
groundwater systems (identified as bank storage). Most studies use an analytical solution or a 
numerical model with available site-specific hydrologic data. These studies follow a similar pattern 
that includes collecting pertinent physical site-specific data that affects the lake or reservoir and 
apply a numerical or analytical approach to obtain a reasonable solution. Early studies reduced the 
concept of bank storage to a ‘residual’ that was considered to be the value calculated in a water-
balance equation that equals the remaining water from the difference between inflow, outflow and 
change in volume components. In a survey of sedimentation at Lake Mead Smith and others (1960) 
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outline physical characteristics affecting and affected by the growing Lake Mead reservoir. In Part 
3, section J, a water budget analysis by W.B. Langein reduces the concept of bank storage as a 
residual quantity that may be due to errors in data collection used to evaluate inflow and outflow 
components, or may be a “hidden assets or liabilities that have not been evaluated in the budget” 
(Langbein, 1960). It was understood that compiled inflow and outflow data contain significant 
errors due to intermittent data frequency, distance from the Reservoir, and missing data from 
known contributing sources. In each case, assumptions and attempts and estimating datasets are 
made and remaining differences between inflow and outflow was presumed to be bank storage and 
sediment storage. Estimates of water stored in sediment accumulation accounted for approximately 
14% to total bank storage with 86% believed to be in the near-shore aquifer (Langbein, 1960). 
Error associated with data estimates were not reported and a relationship between bank storage 
and annual change in reservoir content was generated (Figure 5). Accounting for changes in flow 
volume each year between 1935 and 1950, a total volume attributed to bank storage averaged out 
to 12% of the annual change in Reservoir volume. 
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Figure 5. Bank storage results from water-balance versus annual change in reservoir volume at 
Lake Mead reservoir, 1935-1950 (from Langbein, 1960). 
 
A follow-up study at Lake Mead reservoir by Rechard (1965) expanded upon Langbeins 
method with updated flow record and analysis. This study reevaluated previous conclusions and 
updated surface-storage and (previous unmeasured and estimated) inflow quantities such that 
plotting annual cumulative bank storage versus annual cumulative changes in reservoir, resulted 
in a coefficient of 0.063 representing the slope of the line for the 1956-1963 data period. The new 
values were added to Langbeins previous dataset and a new relationship between bank storage and 
Reservoir volume was generated (Figure 6). Rechard (1965) documents four potential errors 
associated with this analysis that include: 
1. Sediment – original sediment accumulation was determined to be approximately 
100,000 acre-feet between 1935 and 1949. Additional sediment buildup would 
reduce total Reservoir volume and be available to trap additional water.  
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2. Transpiration by Phreatophytes – increased vegetation was not considered, and 
losses were believed to be within the accuracy of evaporation measurements and 
negligible. 
3. (Pre)reservoir losses – the size of the Reservoir was expected to impact the 
surrounding region and contribute to the loss of groundwater volume to the 
surrounding region. The rationale behind this assumption and the mechanism to 
which this would occur is not discussed and is assumed to be a function of 
groundwater flow. Further no attempt was made to account for this potential error. 
4. Measurement error – physical measurements such as streamflow, precipitation, 
depth, and water-level contain inherent errors associated with basic data collection. 
No attempt was made in error propagation and potential effects on reservoir 
volume. 
The graphical evaluation of bank storage and reservoir volume present two lines that are 
representative of the least-squares correlation describing bank storage at Lake Mead reservoir. 
Scatter in the plots were acknowledged, and conclusions pointed at the difference in quantities 
entering and exiting the Reservoir, and the reduction in quantity of bank storage from previous 




Figure 6. Cumulative annual bank storage plotted against cumulative annual changes in reservoir 
volume (from Rechard, 1965). 
 
 
Additional studies in other regions also contribute to methods that examine bank storage. 
For example, Thompson (1974) identified a theoretical equation that was used in a mathematical 
model (from Simons and Rorabaugh, 1971) to derive bank-storage volume, in a small reservoir in 
Montana. Site specific constants are used as input values (Equation 4). A comparison between 
model results at a daily and simplified time-step, and from a water-balance (from Simons and 









Figure 7. Comparisons theoretical equation results between daily values from Thompson (1974) 
and simplified and water-balance from Simons and Roabaugh (1971). 
 
 
Thompson (1974) suggests that this method will compute bank-storage volume, 
providing estimates when site-specific data including hydrologic condition (i.e. inflow and 
outflow data), and geologic and physiographic conditions similar to the original study area are 
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met. Computer simulations using the theoretical equations from Simons and Roabaugh (1971) 
are matched to current water-balance methods and are assumed accurate due to their similarities. 
Sensitivity analysis compared water volume with effects from changing aquifer width (+/- 20%), 
slope of reservoir bed (+/- 10%), aquifer transmissivity (+/- 25%), and storage coefficient (+/- 
20%) over a 3-year period. No rational was given explain why the select percentages were used; 
however, the large differences calculated from before and after monthly volumes resulted in 
small changes except for width and slope. From this, it was concluded that parameters affecting 
storage size were the largest contributors to error.    
Hunt (1990) used coupled groundwater and surface-flow equations to identify seepage into 
the near-shore aquifer system. This study examined the timing of collected flood flows and the 
calculated delay caused by bank storage effects. The approach used site-specific hydrologic data 
to develop constants for the system that assumes a constant time-step of groundwater flow 
contributing to the system (Equation 5). Resulting hydrographs provide scenarios (i.e. distance 
from flood channel into near-shore aquifer) that depict change in river channel and bank storage 
throughout the flood peak (Figure 8). Change in surface coordinates (i.e. height and width of flow 
in the channel, and depth and extent of penetration into the near-shore aquifer) assume infinite 






Equation 5. Coupled surface-water (1st order) and groundwater (2nd order) equation to identify 







Figure 8. Hydrograph showing flood flow and bank storage for aquifer widths of infinite extent 
(from Hunt 1990). Variables of n and S represent surface y-coordinate showing extent of change. 
 
The simulated channel contributions to bank storage show that: (1) bank storage occurs a 
short distance from the open channel; (2) change between hydrograph peaks are similar in 
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magnitude and timing to bank storage (when bank storage is neglected in the open channel flow 
equation); and (3) the comparisons between the first- and second-order approximations (i.e. 
neglecting bank seepage in a surface-water approximation and solving the groundwater equation 
using the surface-water solution respectively) provide estimates of error. Neither calculated nor 
estimated errors are provided, and assumptions concerning infinite channel extent are discussed 
and are concluded to be the most efficient and quickest way to narrow down peak water-level 
approximation and calculate differences that equal bank storage depth penetration. 
Guo (1996) used a nonlinear Boussinesq equation to define the movement of groundwater 
between near-shore aquifer and reservoir that is dependent on aquifer thickness, and site 
characteristics. The Boussinesq equation used is described as a ‘wave-front’ equation that 
determines stresses at the surface-water/groundwater interface (Equation 6). The approach 
assumes that the near-shore aquifer is infinite (homogeneous and isotropic); water-pressure is 
constant and considered a point load (i.e. load on a certain point along the interface); stresses and 
strain on the near-shore soil is linear; and the soil is considered weightless (eliminating 





Equation 6. Boussinesq equation used to define movement of groundwater exchange between a 
near-shore aquifer and reservoir (from Guo, 1996). 
 
 
A Boltzman transformation to a linear analytical solution (Equation 7) is used to show the 




Equation 7. Boltzmann transformation applied to Boussinesq equation used to simplify 







Figure 9. Comparison between non-linear (Boussinesq equation) and linear solutions (Boltzmann 
transformation). Y-axis (h/ho) is ratio of reservoir level over initial level (h equals zero 
(dewatering) and h2 equals the saturated aquifer height); X-axis is energy state at the aquifer 
boundary (from Guo, 1996). 
 
 
As with Thompson (1974); changes made to aquifer parameters (i.e. hydraulic conductivity and 
specific yield) were noted to have the least influence on bank storage volume, and average 
saturated thickness in the aquifer (i.e. known water-levels near the reservoir) was shown to provide 
a better bank-storage solution. Error estimates are limited to graphical comparisons between 
changing boundary conditions (i.e. infinite, and semi-infinite aquifer); hydraulic head distribution; 
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changing velocities (i.e. Darcy solution based on changing hydraulic gradient); changing recharge 
conditions; and differences in saturated thickness. No numerical summary is provided; however, 
model solutions that account for saturated aquifer thickness (i.e. average water-level) are close 
approximations of nonlinear solutions (Figure 9).    
The exchange between floodwaters and the near-shore aquifer for the lower Amazon 
floodplain was examined by Rudorff, Melack, and Bates (2014). A two-dimensional hydrologic 
model (LISFLOOD-FP1) that solved flood-flows with the St. Venant momentum equation, and a 
water-balance analyses was used to define the system. A series of graphical comparisons using 
direct measurements that incorporate site-specific hydrologic data are generated. The report 
summarizes the floodplain discharge compared to change in storage. A power trendline is 










Figure 10. Relationship between annual floodplain discharge and near-shore bank storage with 
associated power trendline (from Rudorff, Melack, and Bates, 2014). 
 
Model accuracy was tested by comparing river elevation from model output to synthetic 
aperture radar (SAR) imagery from Alsdorf et al. (2007). Modeled water elevation during the 2007 
flood year was compared to water-surface elevation data using SAR imagery during periods of 
rising and receding water. Complex spatial patterns from changing water-surface elevation data 
were noted to be similar in both data sets. Further, results suggested that differences in SAR and 
modeled data were generally similar with rising and receding water elevation, while high and low 
elevations from model results were more uniform than SAR imagery (Rudorff, Melack, and Bates, 
2014; p. 647) 
Large-scale assessments of sea-level change and the impacts to freshwater aquifers was 
examined by Shi and others (2018) using an analytical solution developed by Strack and Ausk 
(2015). Water exchange between the open water and a modeled three-layer aquifer system with 
 30 
site-specific hydrologic characteristics was developed. This analytical solution used site-specific 
hydrologic characteristics and developed a comprehensive two-dimensional vector that represents 
discharge to and from the near-shore aquifer (Figure 11). A steady-state three-dimensional model 




Figure 11. A two-dimensional section representing the coastal aquifer interaction with seepage 
face and saline intrusion (from Strack and Ausk, 2015). 
 
 
 The method is validated through comparison to previous solutions from examples 
provided by Ketabchi et al. (2014). Comparisons between plots of cross-sectional hydraulic-
conductivity (k) profiles show that results are very similar in both methods. Profiles show 
gradation layers of k values (Ketabchi, 2014) compared to model fresh- and salt-groundwater 
interface (Strack and Ausk, 2015; pp. 6773-6774). Differences between models are greatest at the 
first modeled strata and deviated by one-magnitude of k. 
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Finally, a water-budget analysis case study for Lake Mead and the Aral Sea was 
investigated by Singh and others (2015). Horizontal and vertical water-flux measurements were 
identified via gravitational fluxes measured with satellite imagery and compared to a site scale 
hydrological water-balance model (Figure 12). Hydrologic measurements including inflow, 
outflow, precipitation and evaporation were used with bank storage (based upon previous methods 
developed by Rechard ,1965). Results from this study suggest that volumetric measurements using 
a water-balance approach and gravitational flux measurements differ in long-term estimations that 
are thought to be the result of vertical error propagation. However, it’s suggested that a hybrid 
approach (i.e. combining water-balance and remote sensing methods) may provide a better insight 
into the physical (i.e. observed from imagery) and hydrologic model (i.e. water-balance method). 
Error propagation noted in input hydrologic data sets were addressed as causing impacts to 
accuracy. Model data were compared to collected datasets with up to 80% correlation and larger 
differences noted in seasonal peaks (Singh and others, 2015, p. 16). No error was noted in bank-
storage component as data was directly obtained using methods outline by Rechard (1965; i.e. 




Figure 12. Lake Mead volume variation using hydrologic data (top) in a water-balance model, 
and variations in volume from gravitational flux measurements (from Singh and others, 2015). 
 
 
Select previous studies either directly calculate bank storage or use a bank storage 
component in their analysis. Through time, method development has become more sophisticated 
and complex as analysis migrated from simple regression studies to more complex analytical 
research that later involved model simulations (Table 2). While the approach from each study is 
robust and results defensible, the long-term evaluation of bank storage using site-specific data 
can be expanded upon. This study seeks to use a robust methodology building on previous works 
to create an approach to understanding the complexity of bank storage and bank-storage 




Table 2. Previous studies that investigate the concepts and methods to examine bank storage and 





2.2.1 Summary of Reported Error from Previous Studies 
As shown in Table 2 errors associated with computing bank-storage using the above 
reported methods are described by 3 categories: 
1. Not reported – data analysis and results are presented such that error is 
discussed and relates to data estimates and assumptions; 
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2. Graphical comparisons – results are graphically compared to previous studies 
and error evaluation is limited to changes in aquifer properties and geometries; 
and 
3. Sensitivity analysis – results are tested to observe how variations in 
independent variables affect the calculated outcome.  
For the studies outlined above, direct evaluation of bank storage is limited to system assumptions 
and data collection error. Graphical comparisons and sensitivity analysis are done on independent 
variables that may affect values of bank storage but are reported as total system impact.  
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CHAPTER 3: METHODS 
3.1 Methodology 
Three processes are used to evaluate bank storage at the Lake Mead reservoir. The rationale 
behind using these steps are to, 1) extend the existing approach presented by Rechard (1965) with 
current hydrologic data and test the current conclusions; 2) use a two-dimensional numerical model 
to evaluate a portion of the lake from inception to full pool to identify points of groundwater 
interaction (bank-storage exchange_; and 3) Apply an accounting model to existing data that 
allows for feedback and testing of assumptions with consideration to bank storage. The initial step 
expands and defines issues with current evaluation, the second step addresses conclusions about 
the system and how the hydrologic components interact with the groundwater system, and the final 
stage suggests an alternative systems calculator to current methods. Below is a brief description of 
each step that is further expanded upon in chapter 4. 
3.2 Water-Balance Approach 
The water-balance method used by Rechard (1965) is temporally extended using updated 
hydrologic data. This approach extends the end of the previous analysis from 1964 to 2018 using 
monthly and yearly inflow and outflow data to the Reservoir. Estimations used in previous analysis 
are updated with currently hydrologic data collected in the region. Limitations identified in this 
approach provided a baseline evaluation of bank storage at Lake Mead that was used to further 
expand upon with additional methods. 
This method defines bank storage as a residual from the water-balance equation noted 
above. Residuals are defined as the value calculated in water-balance equation that equals the 
remaining water from the difference between inflow, outflow and change in volume components. 
Results discussed in detail below show a continual drop in calculated of bank storage described as 
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a percentage of change in water volume (Rechard, 1965). Calculated bank storage is at a high of 
12.5% of total volume in the early 1930’s and 1940’s; drops to 6.5% of total volume in the 1940’s 
through 1960’s; equals zero in the 1970’s and 1980’s; and is calculated as a negative value in the 
90’s to present day. The continual drop in percentage of change in volume that is used to compute 
bank storage, can be explained by the physical development of the reservoir (i.e. interaction with 
the nearby groundwater system and change in volume due to sedimentation) and the change of 
inflow and outflow components. The reservoir began filling post 1935 construction; this period 
contributed sediments and standing water to the banks and subsurface. This progressed to the 
1970’s when the reservoir approached ‘full pool’, which ultimately happened in the early 1980’s. 
This high water-volume period was the peak of reservoir level, and the maximum water pressure 
(gravimetric pressure) to the surrounding sediments. Following the historical maximum capacity, 
the water level dropped over 130-feet between 2000 and 2010 (Barnett and Pierce, 2008; Ma, et 
al., 2019), which is attributed to a combination of water-use by approximately 25 million people 
and multiple intensive droughts (Holdren and Turner, 2010). The reduction in volume has reduced 
the gravimetric potential on the surrounding sediments and water has flowed ‘out’ of bank storage 
(hence, the negative values). 
3.3 MODFLOW Numerical Model 
A MODFLOW 2006 (Harbaugh, 2005) two-dimensional, numerical groundwater-flow 
model is used to simulate bank storage and groundwater interaction in Boulder Basin at Lake 
Mead. Water movement is simulated in MODFLOW 2006, which is a finite-difference 
groundwater model that uses block-centered layers that simulate the hydrogeologic condition of 
subsurface geologic material. The model is constructed as a modular system that enables the use 
of independent subroutines that include simulating reservoir/lake and groundwater levels that 
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interact with surrounding geology. The Boulder Basin hydrologic area (USGS, 2013) is used for 
this analysis, as mentioned above, since it is the closest basin to the control dam, contains the 
outflow component to the system, and can combine the inflow components upgradient at Muddy, 
Virgin, and Colorado Rivers. Model sensitivity is examined through modifying input components 
to evaluate model reaction. 
3.4 System Dynamics Analytical Model 
A system dynamics (SD) analysis is done to characterize the nonlinear behavior of the 
inflow and outflow information that is used in the extension of the water-balance analysis. System 
dynamics is a method that employs time modifications to stocks, flows, and internal feedback 
loops that are interconnected and populated with existing data or equations that simulate data 
trends. A causal loop diagram that represents a simplified map of components within the system 
is developed for the water-balance components. This map illustrates the positive and negative 
impacts to the SD model and defines the feedback loops present. The simulation is run from 1964 
to 2018 at a monthly (transient) scale. Sensitivity analysis is done through modulating parameters 
and evaluating impacts to the system.  
These methods are organized with data compilation and interpretation to 1) summarize 
available hydrologic, atmospheric, and geologic data, 2) identify percentage of bank-storage 
exchange, and 3) compute bank storage per year from 1964-2018. Figure 13 provides a study flow-
chart that outlines the steps taken to calculate bank storage at the Reservoir. This study also 
outlines future work that will further narrow error associated with data collection and 









CHAPTER 4: WATER BALANCE  
4.1 Water Balance Definition 
The measurement and comparison between inflows and outflows to a reservoir system is 
known as the water balance or budget of that system. The water balance can be used to define 
how much water is stored in a system as free water and bank storage. The current method for 
defining bank storage at the Lake Mead reservoir, here on referred to as the Reservoir, is an 
accounting model that was first proposed by Langbein (1960), and further refined by Rechard 
(1965). This method examines the water budget by “measuring or estimating all the accretions 
to Lake mead and adding them to derive the ‘total inflow’; computing the difference between 
inflow and outflow and comparing that quantity with the recorded change in reservoir storage” 
(Langbein, 1960). A comparison between measured inflow and outflow, with computed change 
in reservoir volume yielded differences that could be contributed to flow estimations yet were 
also considered ‘residual’ quantities that were considered bank storage. This method is used as 
the basis for understanding bank-storage volume at the Reservoir and has been unchanged since 
its publication. 
4.2 Data Analysis and Reduction 
Data used in this analysis follow a traditional water-budget format that is described as 
(from Rechard, 1965): 
 
4! +	4" +	4# −	3$ −	3! = 	Δ6 + 7 
 
Equation 8. Water-budget equation as defined by Langbein (1964), and Rechard (1965). 
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All values are defined as acre-feet per year; where 4! is the summation of the surface inflow; is 4" 
the unmeasured surface-water inflow; 4# is precipitation to the Reservoir; 3$ is evaporation from 
the Reservoir; 3! is measured surface-water outflow from the Reservoir; Δ6 is change in 
Reservoir storage; and 7 is the residual that is considered a volume of bank storage (Table 3). 
Groundwater contributions are omitted from earlier analysis and not mentioned in the water-
budget equation. The residuals are affected by groundwater fluctuations and are explored in detail 
below. 
 





For this study, each parameter is updated and used to extend the method suggested by 
Rechard (1965). Unmeasured surface-water inflow (Iu) is eliminated as discharge values for areas 
mentioned by Rechard (1965) have been updated and are measured. Parameter data from 1935 
through 1963 are updated to 2018, and locations of hydrologic parameters affecting the reservoir 
volume are shown in Figure 14. All data are actively collected and presented by the U.S. 
Geological Survey (USGS) and the Bureau of Reclamation (BOR), and National Oceanographic 
and Atmospheric Administration (NOAA). All USGS data are available to the public through the 
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National Water Information Systems website (NWISweb at https://waterdata.usgs.gov/nwis); 
BOR data is available through the Lower Colorado River Operations website 
(https://www.usbr.gov/lc/riverops.html); and NOAA data are available from their Climate Data 
Online website (https://www.ncdc.noaa.gov/cdo-web/). Data summaries beginning in 1964 are 
presented as a monthly average. Yearly totals are summarized from these monthly averages and 
applied to the 1935 to 1963 data sets used in the original analysis. A summary of available data 
and how each parameter was compiled is presented below. 
 




4.2.1 Description of Physical and Hydrologic Parameters 
Lake surface area and volume change as water levels at Reservoir fluctuate. To 
accommodate for this change, a regression analysis is used to calculate the total change in reservoir 
area and volume from 1935-2018. Surface-area and bathymetric data from Brown (1941) and 
Twichell (2003) are used to define reservoir elevation, area, and volume in 1935 and 2003. Bureau 
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of Reclamation compiled these data and present them as 1935 and 2010 Lake Mead capacity 
(elevation, surface area, and volume) data (https://www.nps.gov/lake/learn/nature/storage-
capacity-of-lake-mead.htm). Elevation and volume from these are plotted and linear regression 
between points (Figure 15) provides an estimate that is used to calculate volume from available 
elevation data (Table 4).  
 












Figure 15. Elevation and volume comparisons and numerical fit used to evaluate change in 
volume and surface area at The Reservoir (from Brown (1941), and Twichell, VeAnn, and Belew 
(2003)). 
 
Sedimentation accumulation in the Reservoir is examined by Ferrarri (2008) at select 
sediment deposition areas. Approximately 30% of the Reservoir is surveyed with total sediment 
deposition for all basins calculated and presented for periods between 1935-1948, 1948-1963, and 
1963-2001 (Ferrarri, 2008; table 6, pg 92). Sediment accumulation is shown to steadily increase 
with depth from 1935 to 1963 (Figure 16). Following the construction of the Glen Canyon Dam 
(from 1960 to 1963) upstream of the Reservoir on the Colorado River, sediment slowed and was 
removed in the measured areas between the 1963 and 2001 period.  From these values, yearly 




Figure 16. Change in sediment volume for select periods at select locations in the Lake Mead 





Figure 17. Sediment accumulation rates for select periods from data collected by Ferrarri (2008). 
 
 
An average accumulation rate of 15,225 acre-feet per year is calculated for the time period 
between 1935 and 2001. Total change in Reservoir volume that is attributed to sedimentation is 
2,402,790 acre-feet (Ferrarri, 2008; table 6, pg 92) or a loss of approximately 7% of the total 
computed volume. Using the same approach at Ferrarri (2008), the regression analysis that 
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represents the total bathymetric change in Reservoir volume, was used to calculate total reservoir 
change between 1935 and 2010. Similar Reservoir elevations (between 1,095 and 1,105 feet) were 
selected for both the 1935 and 2010 time-periods and summarized in Table 5. Values were 
compared and resulted in a 16% total loss of Reservoir volume between 1935 and 2010 (Figure 
18). 
 
Table 5. Reservoir elevation and volume data computed from bathymetric regression analysis for 








Figure 18. Difference in Reservoir volume between 1935 and 2010 time periods. 
 
 
The analysis of sediment that includes the 30% of total volume surveyed by Ferrarri (2008) 
and the application of similar methods on the bathymetric surveys from 1935 and 2010 show that 
sedimentation at the Reservoir has contributed a total reduction in volume that ranges from 
approximately 7% to 16% of the available free water volume. This mass is considered to be 
contributing to bank storage with deposited sediment pore-spaces filling with water along the 
wetted perimeter of the Reservoir. The timing of sedimentation (suggested by Ferrarri, 2008) 
indicates that the majority of sedimentation occurred prior to the completion of the upstream Glen 
Canyon Dam in 1963. This is supported by U.S. Department of the Interior activities that include 
the release of high flows from Glen Canyon Dam to restore eroded sediments and improve 
biological resources in Glen Canyon National Recreation Area and Grand Canyon National Park. 
The controlled releases occurred during seven single and multi-day events between 1996 and 2016 
(Table 6). These releases contributed to the growth of sandbars along the Colorado River (Melis, 







Table 6. Schedule of high-flow releases at Glen Canyon Dam conducted by the U.S. Department 







Surface-water flow into the Reservoir from Las Vegas Wash, Muddy River, Virgin River 
and the Colorado River and outflow below Hoover Dam were compiled for the updated period 
between 1964-2018 from multiple surface water gaging stations operated by the USGS (table 7; 
Figure 19). Collected data were used to create an entire period of surface-water inflow and outflow 
at The Reservoir (from 1964 to 2018). These data represent the largest contribution to the Reservoir 
with 93% of waters to the area accounted for along the Colorado River (Figure 20). Several natural 
springs and seeps that surround the Reservoir were recorded as flowing prior to the reservoir 
development (Carpenter, 1915). These seeps and springs are excluded from the analysis because 


























Figure 20. Percentage of measured inflow and outflow discharge at the Reservoir excluding the 
previously reported 6.5% change in storage identified as bank storage. 
 
Groundwater flow into the Reservoir was believed to be minimal at the initial development 
of the reservoir (Langbein, 1960), and natural inflow into the Reservoir was not quantified. 
Rechard (1965) noted that groundwater inflow could have a considerable effect on the magnitude 
of bank storage, concluding that 1) the reduction in bank storage from values reported by Langbein 
may have occurred gradually (due to groundwater influences), and 2) no cause of this drop, in 
storage, is noted. 
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Precipitation records obtained from NOAA include monthly rainfall data collected at 
Boulder City and Las Vegas and are presented as inches of rainfall for the period.  Total water-
volume from precipitation (contributing to the Reservoir) is generated by multiplying the monthly 
precipitation (in inches) with the surface area of the lake. However, results show that precipitation 
has less than 1% of the total inflow to the region and has minimal impact on the total Reservoir 
volume change.  
Direct evaporation from the lake surface is from values reported by Westenburg and others 
(2006). Previous studies used water-budgets, mass transfer, and energy budgets to derive water-
surface evaporation. These studies reported average evaporative loss from 5.3 to 7.5 feet/year 
between 1951 and 1999. Gaps in these datasets exist between 1996 to 1997, and from 1999 to 
2018. Monthly average evaporation from available datasets were compiled and an average monthly 
evaporation was then multiplied by the computed monthly surface area of the Reservoir for the 
missing time period.   
Diversion and water-use at the Reservoir are primarily through surface-water release below 
Hoover Dam, and through municipal pumping at Saddle Island in Boulder Basin. Water provided 
to Las Vegas Valley from Saddle Island is returned to the Reservoir as treated wastewater 
discharge along Las Vegas Wash. Additional water from imported consumptive use and rainfall 
contribute to waters in the Las Vegas Wash, therefore outflow from Saddle Island water-use, and 
return flow from Las Vegas Wash are not equal, and are treated as independent data sets. This 
return flow represents approximately 1% of total water available to the Reservoir (Figure 20). 
Total water-use is provided by BOR Lower Colorado Region Offices and summarized for the 
period analyzed. 
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4.3 Method Evaluation 
Annual differences between inflow and outflow measurements subtracted from change in 
storage resulted in residuals identified as bank storage (Rechard, 1965). These residuals plotted 
against annual change in storage resulted in a least square correlation equation used to define 
percentage of change in storage identified as bank storage. Given the scatter in the plot, this change 




Figure 21. Reservoir net residuals (bank storage) as compared to annual Reservoir content 
change (from Rechard, 1965) 
 
 
Original calculations reported by Rechard (1965) were extended (Appendix A) with 
updated hydrologic data to 2018. Differences between inflow and outflow discharge show less 
volatile change in discharge after 1968 (Figure 22). From 1970 to 1987, the cumulative change in 
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lake storage increased from 22.9 to 32.2 million acre-ft. Change in storage decreased and recovered 
approximately 1.1 million acre-feet from 1988 to 1997, followed by a progressive drop to 15.7 
million acre-feet in 2018 (Figure 23). Updated plots of net residuals (bank storage) versus reservoir 
content change show more consolidated and less definable linear relationship (Figure 22). 
However, numerically extending the percentage change in bank storage (proposed by Rechard, 
1965) that are defined as the Cumulative of the residuals (inflow – outflow – change in Reservoir 
storage) divided by the cumulative sum of the change in reservoir storage, is summarized in Figure 
24 with data presented in Appendix A. The percentage contribution of water from bank storage is 
steadily dropping through the reservoirs initial phase of development. As reported by Rechard 
(1965), the average change in bank storage from 1938-1955 is between 7.4% and 10.6%. After 
1964, contributions from bank storage dropped to zero between 1968 and 1969, transitioning to a 
negative contribution at about -30% from 2004 to 2018 (Figure 25). The linear fit of percentage 
drop in bank storage for this period show a strong negative correlation (r = -0.98) for the entire 
period of record. However, the most recent period between 2004 and 2018 show a correlation 
approaching zero (r = -0.48; ~50% change in slope).  
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Figure 22. Updated Reservoir net residuals (bank storage) as compared to annual Reservoir 
content change for the original studies (i.e. 1935-1955 and 1956 to 1963) and extended with new 
data from 1964 to 2018 at near 10-year intervals (modified from Rechard, 1965) 
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Figure 25. Percentage change in bank storage 1935 to 2018. Transition period from 1968-1969 is 
noted at point when change in bank storage moves from positive to negative percent change 
(from methods outlined in Rechard, 1965).  
 
 
4.4 Water-Balance Discussion and Summary 
With methods used by Rechard (1965), the percentage change in volume defined as bank 
storage has dropped linearly since 1935. A negative percent of total storage, beginning in 1968, 
suggests that other sources have impacted and contribute to bank storage. As mentioned above, 
the interaction with groundwater sources may provide evidence as to this contributing source, 
however, lack of current data limits an analysis and is discussed below. Additionally, this period 
is also representative of the completion of upstream Glen Canyon Dam (1960-1963) and the 
reduction of sedimentation beginning in 1963 to 2001 as noted above. The period beginning around 
1968-1969 is also the time-period at which cumulative change in Reservoir volume is greater than 
the cumulative difference between inflow and outflow (that also may be due to the Glen Canyon 
construction; Figure 26). Total inflow-outflow (I-O) and change in Reservoir volume (DS) are 
summarized in Appendix A. Differences between inflow and outflow components do not show 
progressively more inflow that could accommodate for the extra storage (i.e. increasing Reservoir 
volume). Further, multiplying percent bank storage by total inflow, the total quantity of water to 
and from the near shore aquifer is between 0% and 12% of total inflow (Figure 27). So, a 
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cumulative contribution from bank storage is shown to decrease in volume beginning in the early 
1970’s, which is consistent with the calculated percentage (i.e. Dresiduals/Dvolume) loss during 
this time period. Cumulative change does flatten beginning in the 1980’s during a period of ‘full 
pool’. Loss since 1990 has been consistent and reflects reservoir management allowing equal 
volumes of water into and out of the system. The lack of analytical evidence that provides for the 
cumulative increase in Reservoir volume strongly suggests that other influences (e.g. groundwater) 
interacts with the total volume. How this interaction between groundwater and Reservoir (defined 
as bank storage exchange) is presented with numerical simulation detailed below.  
 
 





Figure 27. Cumulative bank storage and bank storage as a percent of inflow contribution at the Reservoir, 1935-2018. 
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The water-balance method presented by Rechard (1965) does present a robust 
characterization of calculating total bank storage at the Reservoir. However, as this natural system 
develops, other factors including sedimentation, inflow and outflow characterization, and 
upstream controls (i.e. Glen Canyon Dam) are not accounted for and affect the calculation of 
percentage of volume change attributed to bank storage. Methods outlined below address these 




CHAPTER 5: MODFLOW CHARACTERIZATION – NUMERICAL SOLUTION 
5.1 Numerical Model 
A numerical model is used to define the physical characteristics that affect bank storage in 
the reservoir and surrounding area. Previous studies have shown the groundwater flow system near 
a lake or reservoir is most affected by the water-table configuration (Fetter, 2001). The interaction 
with the regional groundwater system is defined by the slope of the water table near the storage 
basin; a steep slope between nearby groundwater levels and reservoirs bank storage proves more 
likely that seepage from groundwater will occur and contribute to the bank storage (Winter 1981). 
Additionally, geologic formations surrounding the reservoir can control bank storage in a region 
(Hook, 1951). Significant groundwater exchange between bank storage and the Reservoir will 
preferentially move through lithology of higher conductivity and porosity. Thus, conditions that 
will link reservoir bank storage and nearby groundwater systems include; fluctuating water-surface 
that rises above or lowers below the water-table aquifer, and lithology with hydrogeologic 
properties that promote water movement. 
As the Reservoir and bank storage increase in volume with continual inflow after 1935, 
this analysis suggests that the groundwater component is represented by three potential scenarios 
as bank storage waters intersect with the groundwater: 
a) The groundwater system has always supplied water to the Colorado River, 
therefore, the increase in Reservoir and bank-storage volume, increases the water-
level contact with the groundwater system. The water-level gradient between the 
Reservoir and groundwater system will shallow as volume and bank storage 
increase. 
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b) The groundwater system newly intersected the rising Reservoir/bank storage 
volume after 1935, also decreasing the water-level gradient, and opening a new 
conduit to allow waters from the groundwater system to flow into the Reservoir.  
c) There is no contact between the Reservoir and groundwater system due to faulting 
or some other method, and no exchange between bank storage and the groundwater 
system exists. 
Considering these options, scenario (a) is most likely due to the current understanding of 
the regional groundwater gradient as noted above. Given this understanding, the drop in Reservoir 
level likely triggers a steeper slope water-level gradient, as open water fluctuations occur quicker 
than groundwater movement. Gravimetric pressure increases, and waters from bank storage and 
the connected groundwater system are directed to open water. 
Differentiating between a groundwater source and bank storage source would require 
chemical sampling and identification potentially using age dating techniques (ex. isotopic analysis) 
or nutrient analysis (areas near the Las Vegas wash would exhibit higher nutrient load because of 
its source waters, and regional water would be less affected by nutrient load if source waters are 
from areas not affected by a human population) These activities are outside of the scope of this 
evaluation, however, an attempt is made to single out bank storage using a numerical model 
described below. 
 To test physical controls on groundwater flow, change in Reservoir elevation, and bank-
storage exchange at the Reservoir, a two-dimensional numerical groundwater flow model is 
developed for the Boulder Basin. The model is built using MODFLOW6, a modular finite-
difference software package developed by the USGS (Langevin, 2019). Discretized model cells 
are hydraulically linked to surrounding cells and allow for multiple conditions to be solved 
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simultaneously. Each basin at the Reservoir (Figure 1) is affected by elevation change, water-
inflow, and outflow with Boulder Basin representing the only basin with a total water-outflow and 
water-use component. Additionally, the size of The Reservoir poses additional complexity (i.e. 
multiple and differing inflow and outflow regimes, evaporation environments, vegetative coverage 
that would affect evapotranspiration, and atmospheric and water temperature gradients).  To limit 
the complexity of the model, Boulder Basin was chosen to simulate changes in bank storage at the 
Reservoir. Specifically, this method addresses how the 1) geology surrounding The Reservoir (one 
of the principle components for the reservoirs development) affects or enables bank storage, and 
2) how groundwater flow interacts with bank storage as reservoir levels rise and falls.  
5.2 Conceptual Model 
The model boundary was drawn to encompass the Boulder Basin hydrologic unit area 
(USGS, 2013) that is representative of the border of surface-water drainage that is bound by 
surrounding mountain ranges (Figure 28). Surficial geology in the Reservoir region is defined by 
Felger, and Beard (2010) and groundwater flow surrounding this region is defined by Wilson 
(2019). Although some detailed geologic description in Boulder Basin do provide a thickness of 
units (Twitchell, 1999), the complexity of the geology in the surrounding region limits a multilayer 
model development. Thus, surficial geology is presumed to extend to the depths below the 
reservoir. Additionally, the complex geologic descriptions are simplified by rock type and aquifer 
properties, therein creating a hydrogeologic interpretation used in this study. The hydrogeologic 
interpretation follows processes described by Wilson et al. (1969; Figure 29). Surficial deposits 
consist of sand and silt; Basin-fill deposits are mostly recent unconsolidated alluvial gravel; 
volcanic  and plutonic rocks are mostly Cretaceous and Tertiary andesitic and basaltic flows and 
Tertiary aged intrusive rhyolitic flows with shallow intrusive rocks including diorite and granite: 
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carbonate and sandstone rocks include Tertiary tuffaceous deposits, Triassic and Jurassic 
sandstone rock and Paleozoic carbonate-rocks; and basement rocks include gneiss with some schist 
and granite of Precambrian age (Figure 28). Aquifer properties are referenced from a range of 
hydraulic conductivities and permeabilities commonly used and presented by Freeze and Cherry 
(1979). Observation wells in the region are limited to a small group that contain a limited number 




Figure 28. Model area with generalized hydrogeology, hydrologic unit area boundary, and interpreted regional groundwater surface 
(from Wilson, 2019). 
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Groundwater head gradient dominates the hydrology in Boulder Basin with an estimated 
water-level decline of approximately 82-meters at maximum Reservoir level to 184-meters 
within approximately 5,000-meters distance from the water-level contour on the Eastern edge of 
the study area. Porosity and hydraulic conductivity of surrounding lithologic units will define the 
extent of groundwater flow to the Reservoir. Additionally, changing Reservoir level will shallow 
and steepen the hydraulic gradient between groundwater levels in the near-shore aquifer 
(affected by the Reservoir level) and groundwater in the local aquifer. The local aquifer response 
to the increase and decrease of the Reservoir volume will provide evidence as to the affected 
volume displaced by bank storage in the capture zone and is discussed below.  
5.3 Model Construction 
A two-layer model was constructed of square cells 500 meters by 500 meters, with 80 rows 
by 84 columns and a total of 13,440 cells (Figure 30). Model discretization size was chosen to be 
easily used in the flow analysis (250,000 sq. meters grids are approximately 61 acres) and have 
enough resolution to maximize the variations in geologic and open water contacts. Model layers 
are limited to geology and reservoir volume. Faulting along the Las Vegas Valley Shear Zone 
(LVVSZ) is included and is interpreted as an aquitard that limits groundwater exchange (Figure 
28).  The LVVSZ is a major Cenozoic right-lateral strike-slip fault that that extends into Las Vegas 
Valley to the East and is responsible for its development (Langenheim and others, 1997). Depth to 
water at select groundwater wells are also used to as calibration points for the numerical simulation 
(table 8). This well data was retrieved from the USGS National Water Information Systems 
database (https://nwis.waterdata.usgs.gov/). Control points were also generated from the regional 
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Figure 29. Generalized geology of Boulder Basin modified from Wilson et al. (1969). 
 
 
Simulated interaction between the Reservoir and groundwater system occur in the 
saturated zone with resultant contours reflecting dynamic changes in the capture zone. The 
unsaturated zone was not included in the simulation because the chosen grid size would not 
replicate movement in this portion of the subsurface accurately, and the goal of the simulation 
was to define the interaction between large-scale Reservoir volume and groundwater-level 
















Surface geology is extended into the subsurface and hydraulic conductivity (K) values are 
assigned to each unit geometry and based upon previous reported values presented by Freeze and 
Cherry (1979) and Thiros (2003). A range of K values are reported from previous studies and the 
average values is used in the model development (Table 9). An elevation model was applied to the 
upper boundary to reflect changes in thickness of overlying geology (Figure 31).  The model 
boundaries were allowed to extend beyond the control area allowing the solution to extend beyond 
the hydrologic unit area boundary if necessary. Finally, two separate simulations were done each 
for a period lasting 50 years with a yearly time-step. The two simulations consisted of 1) an 
increase in Reservoir volume which simulated the period from 1934 to 1984, and 2) a decrease in 
Reservoir volume which simulates periods from 1984 to 2018. A total run-time of 50 years was 
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completed for each simulation to see if changes noted earlier in the system would be extended if 
continued. Additional details that describe model construction, packages and their application, is 
provided in Appendix B. 
 












5.4 Model Simulation 
Model results are visually presented as water-level contours in the groundwater system 
surrounding the Reservoir in Boulder Basin with changes in volume and area noted in Table 10. 
As the model solves, the water-surface boundary adjusts to the rising and falling of the simulated 
Reservoir water-surface. Change in the capture zone is used to define the relationship between 
bank storage and Reservoir volume. 
The model simulation during an increase in Reservoir elevation extends outward through 
the basin-fill deposits and sedimentary rocks within the first 1 year (Figure 32A). The near-shore 
aquifer in the basin-fill and sandstone deposits are affected during this period, and infiltration into 
volcanic and basement rocks do not occur. However, increased Reservoir volume begins to affect 
multiple rock types in the fourth year of simulation (Figure 32B). The extent of infiltration into 
the near-shore aquifer reaches its maximum extent beginning in the 40-year simulation (Figure 
32C). At this point, the gradient between the Reservoir water-surface and nearby subsurface 
system steepen in the basin-fill deposits along the western edge.  
The model was modified to reflect lowering the Reservoir volume by reversing the 
simulated water elevation points. The near-shore aquifer in the basin-fill deposits on the southwest 
edge are affected by the lowering of Reservoir volume during the 20-year period (Figure 33A). 
Model results (discussed below) show the near-by groundwater system as the principal contributor 
to the Reservoir. Contours in the surrounding basin-fill deposits propagate outward but maintain 
close proximity to the Reservoir even after the 50-year simulation (Figure 33B). This suggests that 







Table 10. Changes Reservoir area and volume noted in model simulations presented in Figures 










Figure 32. Simulated period increasing the Reservoir volume with contours indicating a change 
in near-shore groundwater surface 1 year (A); 4 years (B); and 40 years (blue line is 1,500-foot 










Figure 33. Simulated period decreasing the Reservoir volume with contours indicating a change 
in near-shore groundwater surface 20 years (A) and 50 years (B) (blue line is 1,500-foot regional 
water-level contour (Wilson, 2019); black line is water-table and bank-storage contact.  
 
Model analysis identify areas of water movement for simulations of increasing versus 
decreasing Reservoir volume. During periods of increasing Reservoir volume, as noted above, 
the near-shore aquifer is most affected with a larger area in the basin-fill units affected. In 
contrast, model simulations of decreasing Reservoir volume indicated principal movement into 
the open water. Model simulations of the decreasing Reservoir volume suggest a high percentage 
of source water that contributes to the dropping water-level is likely supplemented by 
groundwater flow. Model simulations noted above substantiate this showing little effect on the 




of total change in volume is contributed directly from storage, and the presence of the water-
level contour (modeled as a general-head boundary) is the likely source. The dynamic boundary 
that defines the limit of the capture zone is used to calculate and summarize the bank storage 
exchange with the Reservoir. Table 11 lists bank storage and Reservoir volume change with 
primary contributing waters. This simulation suggests that an average of 0.54% of total change in 
Reservoir volume is responsible for contributions to the near-shore aquifer as bank-storage 
exchange in Boulder Basin. A linear relationship between increase in Reservoir volume and 
contributions to bank storage is shown in Figure 34, and while a portion of the return flow from a 
decrease in Reservoir storage is bank storage, this analysis cannot differentiate it from 
groundwater flow. However, with constant inflow observed from the groundwater system, it is 
probable that 100% of contributions to bank storage from increases in Reservoir volume return to 




Table 11. Change in bank storage and Reservoir volume average percent difference for modeled 















5.5 MODFLOW Parameter Sensitivity Analysis 
Key parameters affecting model output were identified and altered to examine effected 
changes to computed results. The model is limited to variations in Reservoir volume, and aquifer 
properties (i.e hydraulic conductivity), with changes to Reservoir volume investigated in the 
results above. Thus, changes to hydraulic conductivity were altered to document change to the 
flow system. A two-phase sensitivity analysis was conducted on hydraulic conductivity to 
explore the interaction between model parameters. The first stage was to investigate the variation 
of hydraulic conductivity in the target sediments. Hydraulic conductivity values reported in 
Table 8 were used. The second stage used an inverse model in the form of a nonlinear least-
square regression. Each test was applied, and affected observation wells are reported. Because of 
sparse available water-level data, and the small affected area, the unit around the southwest 
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portion of Boulder Basin was targeted for analysis. In this region, two wells are identified, and 
water-levels are observed (Figure 35). 
 
 
Figure 35. Location of observation wells along the southwest edge of Boulder Basin. 
 
 
Variations to hydraulic conductivity had no effect on the resulting calculated water-levels 
reported in the southern-most well (360316114475901) completed in a sandstone unit. In 
contrast, the northern well experienced a maximum 25% drop in water-level from low to mid K-
value, and a 50% reduction from mid to high K-value. This well is completed in basin-fill 
material. Measured water-levels reported at these sites date from 1958 (site 360725114494301), 
and 1955 (site 360216114475901). Model simulation for an increase in Reservoir volume was 
made, and water-levels were plotted against individual results (Figure 36). 
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Figure 36. simulated water-levels from variations in K-value in select hydrogeologic units on the 




A linear least-squares regression was applied to the computed and measured water-levels 
to identify an optimal K-value. This process has been simplified form methods presented by 
RamaRoa (1995) and is limited in scope due to the sparse measured water-level data. This 
method assumes that the results are linear with respect to the change in water-levels noted in the 
wells, and the water-levels are representative of head in the specified hydrogeologic unit. 
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Initial water-levels noted in the model are used as starting points for the regression. These 
are coupled with each water-level measurement from the observation wells. Linear trends 









Comparisons between trend data are similar to those noted above as comparisons resulted in a 
maximum of 10% and 20% differences between modeled and measured trends in the basin-fill 
and sandstone well (respectively). 
Limited datasets prevent a robust analysis; however, these individual tests suggest that 
modeled changes in the near-shore aquifer are within an order of magnitude of physical water-
level measurements. Additional data is needed to further test the validity of the model results 
prior to assigning any confidence to its validity. 
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5.6 MODFLOW Model Discussion and Summary 
The MODFLOW model constructed for this study was limited to geologic units, the 
regional water-level profile, precipitation, and simulated fluctuations in water-level at the 
Reservoir. During periods of increased volume in the Reservoir (i.e. filling), near-shore water-
level gradient steepened in basin-fill deposits within the 1 year of activity. Groundwater 
exchange is noted in volcanic aquifer after 4 years of volume increase and 239,000 acre-feet of 
change in the Reservoir (Table 10). Impacts from rising water-levels in the reservoir propagated 
to the west through basin-fill deposits and were interpreted as intersecting and contributing to the 
groundwater system. Periods of decrease in reservoir volume (i.e. Reservoir drain) resulted in 
steep water-level gradients in all surrounding hydrogeologic units on the shores of the reservoir. 
This representation of return-flow from bank-storage suggests that groundwater is evenly drained 
from surrounding near-shore banks without differentiation from rock unit. In later periods, the 
gradient shallows in the basin-fill, which is due to continual drain of the reservoir without pause 
for recovery.  
Figure 32 and 33 have contours representing the migration of the water-level table in the 
capture zone due to hydrostatic pressure from bank-storage volume. The simulated Reservoir 
volume increase and the effect to the near-shore aquifer are presented in Figure 38. As water 
increases pore spaces in the near-shore aquifer that intersects the groundwater surface are filled. 
As the volume further increases, an additional ‘wedge’ of near-shore sediments is saturated. At 
peak, ‘full pool’ (recognized in the simulation at 1,250’ elevation), the groundwater surface has 
intersected with the maximum bank-storage level. The gradient of the groundwater level during 
this process continues to shallow as the intersection with the bank-storage volume increases. 
When the Reservoir decrease in volume, and with the assumption that the groundwater gradient 
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is generally stable, the model suggests that bank storage is released into the ‘free water’ 
Reservoir. 
In this simulation, the Reservoir volume is the principle factor that controls the bank-
storage volume. This simple concept has an effect on the SD model below; the inflow and 
outflow components to the Reservoir represent the source variables that affects the total 
Reservoir volume (or storage) that is represented by the free-water and bank-storage volume. 
The hydrostatic pressure that is responsible for filling the near-shore aquifer in the capture zone 
is the result of the Reservoir volume. These factors are not mutually exclusive and are principally 
dependent on the increase and decrease in volume; however, the effects from this sequence (i.e. 
inflow/outflow result in a change in volume and change in volume result in a change in bank 








Modeled values for bank storage (identified as volume of water into the near-shore aquifer) 
show that approximately 0.54% of the change in Reservoir volume is considered bank-storage 
exchange during periods of increasing volume. The quantity of return flow from bank storage is 
less clear. The mixing effects noted by the magnitude of the sustained return flow from the near-
shore aquifer suggests that 100% of stored water is returned and supplemented with groundwater. 
This is a working hypothesis that will require an additional tracer study to rectify (see below); 
however, given the magnitude of the Reservoir volume and associated hydrostatic pressure on the 
system, it is likely that this scenario is occurring. Additionally, this value represents the calculated 
volume change in the Boulder Basin that was chosen to represent the entire Reservoir and is less 
than ¼ of the study area. Differences in lithologic extent in other basins, may affect the bank 
storage approximation and therefore should be considered an estimate.  
Hydrogeologic constraints are expected to be the most significant factor affecting the 
movement of groundwater near the reservoir. However, in a relatively short time span (i.e. noted 
in the first year of the increase in Reservoir volume), water-level gradients show propagation of 
groundwater up through the basin-fill units and bound by lower K hydrogeologic units. Hydrostatic 
Pressure, noted above, increases at higher stage yet distance groundwater moves is limited by 
changes in K (i.e. interaction with lower K hydrogeologic units), and height of water column which 
lessens towards the outer portion of the modeled area. The smaller water column reduces the 
overall pressure exerted on the system further slowing the groundwater movement. Additionally, 
limited available water-level data was used to help define limits to the model results. The 
sensitivity of the changes in aquifer properties, while limited in scope, show that differences 
between physical measurements and model derived water-levels are within reasonable limits. This 
conclusion is based on limited datasets and should not be taken as proof of the models’ validity.   
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CHAPTER 6: SYSTEM DYNAMICS ANALYSIS – ANALYTICAL SOLUTION 
6.1 Analytical Model 
A bank storage prediction model is presented for the Reservoir that uses available 
hydrologic data and change in reservoir volume to provide a more detailed assessment of dynamic 
exchange of groundwater and reservoir. This model is described as a predictive analytical model 
that can dynamically adjust for changes in reservoir volume over time. A system dynamics (SD) 
model (Stella Architect® by isee systems ™) that presents key feedback components in an 
examined system is used. A system dynamics model was chosen as it is designed to use feedback 
loops to propagate solutions over time. This approach simplifies the water-balance approach with 
an iterative solution that can be modified to impose additional stresses (if needed) to this water 
system and test hypotheses relating to predicted natural or resource-use changes.  
6.2 System Dynamics Method 
A complete description of feedback principles and linear dynamic modeling is discussed 
in detail by Åström and Murray (2019). More broadly, an SD model is an integrated set of internal 
principles or processes that operate dynamically to analyze linear systems. An SD model is 
generally developed over four key stages that include conceptualization, formulation, testing, and 
implementation (Randers, 1997). These stages follow a basic structure that: 
a) define the purpose, boundary, and describe a specified behavior drawn from key 
variables that create feedback loops in a system; 
b) use a feedback diagram as a guide to select parameter values and associated forced 
or controlled differential equations (Equation 9); 
c) construct model to simulate dynamic hypothesis, assumptions, and test behavior of 
parameter values for sensitivity; and 
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d) apply different scenarios and policies to the model for predictive analysis. 
 
 
Equation 9. Basic differential equation used in system dynamic analysis at time (t); with 
 
 
Models are constructed using simple block diagrams organized in static feedback systems. 
Each block contains a variable or set of variables and differential equation that is linked into a 




Equation 10. General linear differential equation with input (u), output (y), and real number 
coefficients (ak, bk) 
 
 
Blocks are further differentiated into controllers and defined as Stocks and Flows that refer to 
concentrations and accumulation, and time dependent change of target values, respectively. These 
functions provide basic structure to a system dynamics model where:    
a) Stock: is a function that accumulates and outputs a population at a specific time of 
a calculated quantity; and 
b) Flow: is a measurement of the change and rate of change in a stock over a specified 
period of time (Equation 11). 
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Equation 11. Basic equation representing Stock and Flow controls in a differential equation. 
 
 
Additional mechanisms are used to accommodate contributing variables, additional 
parameters, and algebraic quantities for larger systems that are not represented by a simple Stock 
and Flow model. These features facilitate connections to model structure and contain necessary 
input to model simulations and are generally identified as:  
c) Converters, which contain a single or sequence of variables; algebraic quantities 
organized in linear equations, or constants and coefficients that represent a defined 
variable that does not change over time; and  
d) Connectors, which act as information links between a Stock and Converter, 
connecting variables, equations, conversion units, and constants in a logical 
sequence. 
Variables identified in this mechanism follow a ‘systems approach’ that is generally 
described as an attempt to break down a complex concept into individual, easily understandable 
segments of information that combined describe a select process. This approach minimizes 
complexity of most systems and provides an analytical environment where each variable can be 
grouped and coordinated into a recognizable and logical structure. Value is determined by the 
property of each group that affect the system holistically. For example, change in hydraulic 
conductivity for a specified layer may change the calculated reservoir volume, yet a similar percent 
change in bottom slope or reservoir width will have a greater affect.   
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6.2.1 System Dynamic Studies in Water Resources  
Previous studies that have used SD models for water-resource investigations provide 
validity of the method as a qualitative analysis and predictive tool. Example reported topics 
include: water management (Ahmad, 2016; Chen et al., 2017); flood management (Ahmad and 
Simonovic, 2006); water allocations (Wu et al., 2015; Qaiser et al., 2011, 2013; Kandissounon et 
al., 2018); climate change impact on water resources (Dawadi and Ahmad, 2013; Zhang et al., 
2016); water conservation (Ahmad and Prashar, 2010; Dow et al., 2019); and water conservation 
education (Stave, 2003; Nussbaum et al., 2015). 
Water management policy change, natural systems use, monetary policy and global climate 
models are considered in a SD model that examines water demand in Las Vegas, Nevada (Ahmad, 
2016). Five water-use and monetary policy considerations are integrated into population change 
scenarios and impacts from climate and provide predictive results affecting Las Vegas water-
supply until 2035. Results suggest that conservation-modifications to water-use in the Las Vegas 
Valley will become increasingly important, and if left to current rates of consumption will become 
increasingly critical by 2035.  
Simulated observations at four reservoirs in northwestern China were examined by Chen 
(2017). The study used reservoir operations data (i.e. water-level and storage area curves, surface-
water runoff with seepage and evaporation estimates and calculations) combined with irrigation 
and vegetation data and groundwater use to evaluate water policy in the region. Application of 
predictive scenarios provided guidance as to the limits of water demand and socioeconomic 
development. Effects from climate change were also simulated and provide a sensitivity of the 
study area from natural impacts to a regulated source water.  
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Flood-water management was evaluated with the integration of forecasting models and 
hydrologic data, coupled with user input defining site characteristics on the Red River Basin in 
Canada (Ahmad and Simonovic, 2006). Hydrologic models were coupled with a rule-based system 
shell that provides a set of probabilistic information using input factors from defined rules. Eight 
runoff scenarios were generated using an artificial neural network forecast model, integrated into 
the coupled hydrologic model and comparted to observed flood peaks provide guidance to flood 
damage reduction. Two flooding periods from 1978 and 1997 were evaluated to the compiled 
model structure. Results showed differences between the measured hydrograph and simulated 
hydrograph that were within -1 to 2% at peak flow. Model results were used in a flood control 
operations module that simulated natural and gated spillway scenarios predicting reservoir volume, 
and flooding periods. The simulations provide flood forecasting and operations tools for 
management and hazard mitigation.    
Water allocation is analyzed by Qaiser et al. (2011) with an SD model applied to water 
systems in the Las Vegas Valley. The study examines seepage and loss in the system and acts as 
an error analysis for this region. Consideration in the model is made to the environmental system 
and potential for loss due to natural processes. The conceptual model includes a detailed 
description of the treatment and distribution systems in the valley and provides a tool to those 
resource managers to predict and constrain water loss through ground seepage, evapotranspiration, 
channel seepage, and excessive irrigation. Each scenario is evaluated with consideration to 
conservation use efforts and compared to typical water-use. Results provide examples of the 
magnitude of water-use reduction in the system when conservation efforts are in place and supply 
a tool for resource managers to evaluate further scenarios. 
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Similarly, Kandissounon et al. (2018), highlights water and land use with infrastructure to 
examine impacts to water demand in the city of Lagos, Nigeria. An SD model is used to test 
hypothetical population fluctuations and its impacts on water resources from a supply perspective. 
Results show that population and climate affects are outdone by decaying infrastructure.  
Changing climate and impacts on water resources are examined by Dawadi and Ahmad 
(2013) for Las Vegas in Nevada. An SD model that incorporated water supply and demand 
structures was used to simulate changing water-use policy and climate. The model was 
constructed, and results compared to measured water-use conditions between 1970 and 2010. 
Predictive simulations for unchanged (water-use, climate, and population growth) was compared 
to a change scenario that included similar population growth and implementation of conservation 
policy. Differences in water demand and supply are modeled with three global climate predictors 
that include high, middle, and low carbon emissions. Results provided strong correlation between 
reduction of outdoor water-use and conservation and suggests that climate change will reduce 
water supply regardless of population growth or policy implementation. 
Water conservation is tested by Stave (2003) to show the effect of residential indoor water-
use on public supply. In this study, treated wastewater that is used as return flow credit to public 
supply, were integrated into a causal-loop model to effectively show the impact of population on 
water supply.  Model simulations were used to implement and predict a combination of public 
policies that would affect rate, and quantity of water use. These policies included, change of indoor 
residential use, population growth, outdoor residential use, hotel use, and total supply. The study 
demonstrated the usefulness of SD models as a data organizational and analytical tool that could 
effectively be used for resource planning, communication, and education. 
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Ahmad and Prashar (2010) also address water demand and conservation by evaluating 
water availability in South Florida. Surface-water and groundwater resources that are controlled 
by five management districts and are considered in an SD model that simulates population and 
land-use changes on the available water supply. The model is calibrated to historical data and 
impacts from water conservation policies are tested. Policies considered the reduction of municipal 
water-use through installation of low flow appliances, xeriscaping, and increased pricing (of 
municipal water). Change in population growth is also tested and combined with conservation 
efforts, test the vulnerability of natural resources to prescribed policy. Water planning through 
integration of multiple complex data sets into an SD model structure provided a comprehensive 
tool and addressed conservation questions in a complex system,  
This study uses the sequence of SD model design and structure similar to examples noted 
above. Logical model design includes variables mapped in a dynamic loop diagram and integrated 
into a dynamic modeling environment and analyzed. Results are validated through comparison to 
previous methods and results are reported. As described in Figure 13; MODFLOW results (i.e. 
percentage of bank storage per Reservoir volume change) are integrated into the model design. 
Output bank storage results are compared to calculations from updated least square correlation 
from methods reported by Rechard (1965), and differences are provided.  
6.3 Model Development and Design 
Initial stages of model development and design include assessing variables that affect the 
system. The interconnectedness of the system is evaluated, and key variables are defined and 
linked to show areas of feedback and areas that are direct inputs. This process narrows the focus 
and identifies the connections between parts of the system (Plate, 2010). Key stages associated 
with this system are composed of temporal conditions that include: 
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1. Fill period – increase in volume, area, and water-level at the Reservoir; 
2. Drain period – decrease in volume, area, and water-level at the Reservoir; 
3. Inflow – contributing surface water, atmospheric, and bank storage; 
4. Outflow – surface water, evaporation, water-use, and bank storage. 
5. Bank-storage exchange – increase and decrease from change in Reservoir volume. 
A Causal-loop diagram developed to illustrate this dynamic hypothesis is presented in Figure 39. 
This diagram provides a visual description of how variables interact and how data is handled with 
an arrow indicating source and target variables (beginning and end of arrow respectively). For 
example, a positive indicator (marked with a +) indicates that changes in the source variable will 
increase the value of the target variable, whereas target variables will decrease when negative (-). 
Interactions are said to be balanced (indicated by a (B)) when both positive and negative attributes 
are found to be in a loop. Additionally, a reinforcing loop (shown with an (R)) exists when a loop 




Figure 39. causal loop diagram showing the dynamic relationship between hydrologic 
components, Reservoir volume, and bank storage. 
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6.4 Data Evaluation and Integration 
Variables are presented in customary units to accommodate typical measurements used by 
resource agencies to describe area of water (i.e. acre-feet). The system dynamics model (from here 
on referred to as the SD model) is constructed to accommodate input variables that include: 
• Discharge (acre-feet) from Muddy River, Virgin River, Colorado River (above 
Hoover Dam), and the Colorado River (below Hoover Dam) 
• Precipitation (inches) – model will solve for acre-ft conversion based on the surface 
area of the reservoir) 
• Population of Las Vegas Valley (for water-use and return flow along Las Vegas 
Wash), and 
• Reservoir Volume (starting volume from period tested in acre-ft) 
Variable input data tables are presented in Table 12. The simulations time units are years 
and the time-step are ‘per year’ therefore, input parameters are yearly summaries of hydrologic 
data (except population which is based on U.S. Census Bureau data collection). Model structure is 
composed of one stock (representing the Reservoir volume) with two flow components and eight 
input converters (representing the variables mentioned above), seven converters that calculate 
input parameters, and three adjustable converters that allow the setting of previous conditions 
(Figure 40). Input variables are summarized in stocks to generate output values for bank-storage 
analysis resulting in cumulative values of bank storage (Sum(R)), inflow minus outflow (Sum(I-
O)), and Reservoir change (DS). These output values follow the format described above and can 
be used to generate a percentage change in bank storage. Model equations are listed in Appendix 
C and include variables associated with input data mentioned above. 
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Figure 40. System dynamics model structure with listed input parameters (blue text indicates 
input variable; black text indicates calculated parameter). 
 
 
 Data conversions  
1) Calculate Reservoir volume to surface area (Figure 41);  
2) Convert inches of precipitation into total acre-feet of precipitation based on the changing 
Reservoir area;  
3) Calculate evaporation from Reservoir area (Figure 42); 
4) Calculate total water-use from population (Figure 43); and 
5) Calculate bank-storage exchange from percentage value noted in MODFLOW model. 
Reservoir volume is directly calculated from inflow and outflow data. Reservoir surface-area is 
calculated from volume following the equation of the trend-line noted in Figure 41. Precipitation 
is converted from inches to acre-feet and multiplied by the Reservoir surface-area. The relationship 
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between Reservoir surface-area and evaporation with associated trend-line and equation used in 
the SD model is shown in Figure 42. Finally, yearly water-use was calculated from summarized 
BOR diversion data from the Reservoir and compared to population of Clark County (Figure 43). 
 
Figure 41. Reservoir volume vs. surface area with trend-line and equation used in systems model 











Figure 43. Water-use trend including Clark County Population vs. reported Bureau of 
Reclamation Diversions from the Reservoir. 
 
 
6.4.1 Model Validation 
The suitability of an SD model is addressed by examining several aspects that include 
purpose, structure, sensitivity and use. Twelve tests outlined by Sterman (2000) provide guidance 
to SD model assessment and validation. These tests include: 
1. Boundary Adequacy Will changes to the model boundary affect results 
significantly? 
2. Structure Assessment Is the model set up to reflect the real system? 
3. Dimensional Consistency Do parameters have consistent units? 
4. Parameter Assessment Are parameter units relevant to the measured system?  
5. Extreme Conditions Do extreme values create inconsistencies in model 
equations? 
6. Integration Error Does the time-step make sense given the model 
parameters? 
7. Behavior Reproduction Does the model reflect behavior observed in the real 
system? 
8. Behavior Anomaly Do extreme values change system behavior? 
9. Family Member Can the model replicate behavior from other systems? 
10. Surprise Behavior Does the model generate unexpected behavior? 
11. Sensitivity Analysis How do systems behavior change with varying 
assumptions? 
12. System Improvement Did the model help explain the system better? 
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This model was validated using these tests/questions and performed satisfactorily. General 
conditional questions are not specifically discussed and are used as a checklist to ensure model 
validity (e.g. dimensional consistency and parameter assessment – acre-feet are used throughout 
the model as this is the typical standard for describing water-volume in the desert southwest). 
Specific questions that expand on the model behavior and the validity of the structure are addressed 
below.  
6.4.1.1 Structure Assessment 
The model is narrowly constructed with measured inflow and outflow values to assess total 
volume change and resulting bank-storage exchange and volume at Lake Mead reservoir. This 
structure could easily be expanded to address additional components that affect inflow and outflow 
volume. Specifically, modules to this SD structure that incorporated rated flow from contributing 
inflows could be setup such that reported hydraulic head would recreate flow volume. This 
additional would provide another measured component that would be compared to the modeled 
value. Expanding these variables would create additional complexity to the model system and 
potential error and was therefore not done. 
6.4.1.2 Extreme Condition 
Modifications to inflow, outflow, and population variables were done to examine 
percentage change to total Reservoir volume. Removing inflow components other than Colorado 
River surface-water flow had < 5% effect on the total reservoir volume. This is similar to the 
removal of outflow components other than the Hoover Dam release water that resulted in <3% 
change in total volume. As noted above, the principle variables contributing to Reservoir Volume 
change are the Colorado River at 48% and 45% of total water contributing to the system (Figure 
 98 
20). Variations in inflow, outflow, and population are outlined and described in the sensitivity 
analysis below. 
6.4.1.3 Behavior Reproduction 
Volume is the principal component used to describe changes to the Reservoir. Total volume 
was calculated with water-balance methods outlined above and compare to at differing resolutions 
to SD modeled values. Box plots in Figures 44 and 45 describe groups of Reservoir volume results 
from each method. Total volume tested from 1964 to 2018 are presented in Figure 44. In general 
SD model results are within the distribution of values calculated from the water-balance method. 




Figure 44. Box plots of total Reservoir volume between 1964 and 2018. 
 
 
Variations in volume were calculated for 5-year periods and presented in Figure 45. These 
box plots provide more detail that describe the variability in Reservoir volume between SD 
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generated and water-balance values. Variations in values are most notable in the 1984 to 1988 





Figure 45. Box plots of total Reservoir volume between 1964 and 2018 at 5-year periods (SD 
modeled values are shaded and identical to format presented in Figure 44). 
 
 
6.4.1.4 Parameter Sensitivity Analysis 
A sensitivity analysis was conducted on the SD model using the ‘Model Analysis Tools’ 
available in the Stella Architect® software package. The analysis was limited to variations in: 
§ Percentage inflow; 
§ Percentage outflow; and 
§ Percentage population 
Simulations were completed by changing each parameter by +/- 10% to mimic Inflow, outflow, 
and population at 90% and 110% of measured values. System change from variations of inflow, 
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outflow, and population were measured as effects to Reservoir volume at ‘no change’ condition. 
A ‘no change’ condition is defined as the original simulated outflow completed with unaltered 
parameters. A percentage change for each scenario is shown in Table 13. Changes are compared 
individually to changes in ‘no change’ Reservoir volume with the greatest change in the increase 
in inflow and outflow variables (578% and 483% respectively) at 110% increase in outflow. This 
observation is consistent with previous evaluation of major input components (i.e. inflow and 
outflow of Colorado River). It is noted; however, that decreasing the inflow and outflow 
components at 90% had much less effect on the Reservoir volume. Also, changes in population 
were consistent when compared to inflow and outflow components. In general, the results show 




Table 13. Percent change from comparison of inflow, outflow, and population data altered to 





Comparisons between calculated and SD model data show variations and differences that 
may be caused by error and assumptions in the data frequency and system design. Data used in the 
original design of the water-balance used by Rechard (1965) and Langbein (1960) consisted of 
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yearly compilations of Reservoir level, and total inflow and outflow collected as differing 
frequencies (i.e. daily summaries, monthly, estimated yearly summaries). To match previous data 
collection, summary data was reduced to yearly data compilations. Further, yearly change was 
used instead of summaries of monthly record. Differences exist in summarizing yearly change vs. 
compiling existing record that provides a more complete record. For example, change in Reservoir 
volume, compiled for the original water-balance approach show different values if they are 
summarized monthly, or if they are averaged and summarized yearly (Figure 46). These noted 
differences can affect the final dataset, and therefore, care is taken to ensure that data frequency is 




Figure 46. Data frequency and percent difference between a single yearly measurement and 
average measurement of monthly data. 
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Additionally, equations from trends used to calculate minor hydrologic influences on the 
Reservoir are interpretive and may be altered based upon additional data collection. Notably, the 
equations of the linear trend line noted in Figure 17, used to convert reservoir elevation to volume, 
could be re-examined and data points fitted to a single polynomial curve (Figure 47). Arguably, 
this new interpretive fit would accommodate bathymetric data used in its development. This 




Figure 47. Elevation and volume polynomial trend and equation to fit data from 1935 and 2010 










6.5 Model Results and Summary 
The model was run with available data for the period between 1964 and 2018. This 
timeframe was chosen because previous periods noted in Rechard (1965) lacked the necessary 
input values, and additional estimates and assumptions would have been required, which was 
believed to compromise the accuracy of the output. Comparisons between SD output and the 
analytical calculations noted above were done to assess the accuracy of the model. Percent 
difference between calculated and SD data are presented along with graphical comparisons. 
Variations in SD model output are due to variances in data comparisons and summary trend 
equations.  
Data is summarized for change in Reservoir volume, and bank-storage exchange. Total 
inflow is generated from available data and are therefore equal to model simulation. Additionally, 
total outflow data are primarily driven by provided data, and differences between modeled and 
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input data are due to minor differences (< 2%) in evaporation data calculated from reservoir surface 
area and regression equation noted above. Reservoir volume results and bank-storage exchange 
data sets were tested for normality with a cumulative distribution function (CDF) and calculated 
z-tables (Appendix D). Normal distribution was noted in the Reservoir volume dataset. Sample 
size is sufficient to statistically compare differences between calculated values from original data 
presented in chapter 4, and SD generated values with a paired two-sampled t-test. This was done, 
and a non-parametric test (Mann-Whitney U-test) was done on non-normally distributed data 
(bank-storage exchange dataset) to provide additional measurements that show correlation 
between collected and data sets. The p-Values noted in the Mann-Whitney tests show a correlation 
between values, thus supporting the t-Test. Finally, a Pearson Correlation coefficient is measured 
to show the value of the linear correlation between calculated and SD modeled values (Table 14). 
Results show that Reservoir volume data are linearly correlated between SD modeled and data 
summaries noted above, with the exception of bank storage.  
 





Graphical comparisons between calculated and SD model data are presented in Figures 49 
and 50. Results are generally consistent between datasets with some variation. Reservoir volume 
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data show variability 1984 through 1987. This spike is likely due to the period of ‘full-pool’ that 
was experienced at the Reservoir during this period. It is likely that summary data sets used to 
create inflow and outflow components provide a higher resolution than the yearly measurements 
used in previous periods and may account for the discrepancy (see below). Comparisons between 
bank-storage exchange datasets are within 10 to 20% of calculations made with methods outlined 
by Rechard (1965) and SD model generated sets. The SD model sets used the 0.54% change of 
Reservoir volume during periods of increase and 100% of change for Reservoir volume decrease 
that was outlined by the MODFLOW model in Chapter 5. The equation for this formulation was 
setup as: 
• IF [previous Reservoir volume] - [current Reservoir volume] < 0 THEN  
• report change as bank-storage change ELSE 
• report [current Reservoir volume * 0.54% 










Figure 50. Comparison between calculated values and SD model values with associated residuals 
for bank-storage exchange data. 
 
 
Finally, change in Reservoir volume and cumulative change in bank storage are presented 
in Figure 51. Volume and cumulative bank storage are similar in trend until year 38 (corresponding 
to 2001). At this time-period, the slope of the trend in cumulative bank-storage decreases at a 
shallower rate when compared to the drop in Reservoir volume. This period coincides with a 
reservoir elevation decline noted above and provides additional evidence that the nearby 






Table 15. Bank-storage exchange and cumulative bank storage for Lake Mead Reservoir (grey 













CHAPTER 7: STUDY SUMMARY AND RECOMMENDATIONS  
7.1 Study Summary 
The initial bank-storage evaluation conducted by Langbein (1960) and Rechard (1965) are 
still used to quantify near-shore storage of water at Lake Mead Reservoir. Data used in this 
evaluation consist of collected and estimated record from the initial filling of the Reservoir in 
1935, to 1963. Initial summary of data was used in a water-budget to assess the percentage of 
change in Reservoir storage that resulted in a quantity of bank storage. Results noted in 1960 
suggested that up to 12.5% of the total change in Reservoir could be attributed to bank storage. In 
1965, it was reported that this value had dropped to 6.5% due to changing conditions that were 
observed, and additional data that had been collected. It has been 55 years since the last evaluation 
of this water-balance method. Since this period, the Reservoir has experienced ‘full-pool’ in the 
1980’s and has seen constant reduction in volume since the late 1990’s. Higher resolution 
hydrologic data has been collected in and around the Reservoir, and a more complete 
understanding of hydrologic components affecting the system is understood.  
This study revisited the initial evaluation of bank storage completed by Rechard (1965). 
Updated hydrologic data from 1964 to 2018 were added to the water-balance method and 
discrepancies were noted. Percent change in calculated bank-storage continued to decline from the 
early 1960’s until the early 2000’s. The transition from a positive percent of total-change became 
negative in the late 1960’s suggesting that other influences on the system were taking place. 
Rechard (1965) noted that affects from the groundwater system were not explored, and that 
potential error associated with the groundwater system is possible.  
To explore this further, a MODFLOW model was constructed around Boulder Basin to 
simulate the movement of groundwater and bank storage as affected by change in Reservoir stage. 
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The Boulder Basin was selected as it contains all hydrologic components, including total surface-
water inflow and outflow, atmospheric influences (precipitation and evaporation), and water-use, 
all within less than ¼ of the total Reservoir. Model results suggest that in the first year of constant 
Reservoir volume increase, the regional-scale groundwater aquifer system interacts with bank 
storage in unconsolidated sediments and basin-fill deposits. Areas of high porosity are saturated 
and the exchange between the groundwater system and bank storage occurs. Modeled decline in 
Reservoir level show a steepening of the groundwater gradient from unconsolidated sediments and 
near-shore volcanic and carbonate-rocks. This scenario provides evidence suggesting that the 
steepening of the groundwater gradient, in a large-scale system like the Reservoir, likely increases 
the hydrostatic pressure, therein pulling water from source material of lower porosity like volcanic 
and carbonate rock. Total water observed from the near-shore aquifer did not begin to develop 
until after approximately 20 years of constant Reservoir volume decline was simulated. From this, 
it is concluded that the proximity of the groundwater system likely interacts with bank-storage 
waters leaking into the Reservoir as levels drop. The amount of Bank-storage exchange into the 
near-shore aquifer was calculated at 0.54% of total change in Reservoir during periods of 
increasing volume, and likely 100% returned during period of decreasing volume due to the large 
pressure head from the groundwater system. Modeling this portion of the Reservoir can be 
extended to the other basins to further examine the extent of the groundwater influences and to 
further evaluate the extent of the bank storage and groundwater capture zone. 
The third component of this study used a system dynamics model that incorporated 
available hydrologic data and feedback loops to test the effectiveness of incorporating flow data 
in a transient analytical approach. The model was calibrated with available data from 1964 to 2018 
and statistically compared to the water-balance calculation originally used by Rechard (1965) and 
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Langbein (1960). Feedback loops were limited to linking surface area and volume to input data 
representing precipitation, evaporation, water-use, and bank-storage. These loops were 
constructed to limit variability and link minor input data to a total systems process. The change in 
Reservoir stage was setup to control local components (i.e. precipitation, evaporation, water-use, 
and bank storage). Independent surface-water inflow data was the chief hydrologic component 
used as input to the model. Small variations between calculated and modeled data were noted in 
all data sets except bank storage. Modeled bank-storage data presented in Table 13 showed less 
variability than water-balance calculated data. The influence on the regional groundwater system 
is the only component not quantified in the model and is likely the cause. 
The three approaches used in this study all show that there exists a strong groundwater 
influence on the bank-storage component within the Reservoir. Furthermore, potential error 
associated with data frequency and computation is noted. Using hydrologic inputs with more 
frequent values (i.e. monthly vs. yearly) will also affect the total bank-storage and Reservoir 
volume calculation. Furthermore, the initial interpretation of Reservoir volume (from bathymetric 
data) could be simplified to better fit the dataset but would result in large changes to total bank 
storage. Given the complications listed in this study, a basic analytical summation of hydrologic 
properties in a water-balance equation may be insufficient to fully realize the true total value of 
bank storage around the Lake Mead Reservoir. Additional data collection is needed to get closer 
to a more precise value, and a combination of a numerical flow-model and higher resolution data 
collection incorporated into an analytical model (as outlined by this study) are needed to achieve 
this goal. 
The questions noted in the beginning of this study can be sufficiently addressed as follows: 
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1. Are previous methods used to define bank storage adequate considering the updated 
knowledge of the natural systems affecting the Reservoir? 
This study has shown that a simple percentage used in a water-balance equation is 
insufficient to understanding the complexities of the interaction between the near-shore aquifer 
and the nearby groundwater system. As mentioned, a multiphase approach that incorporates 
temporal measurements, and a complete understanding of the groundwater system will be 
necessary to objectively address bank storage and bank-storage exchange.  
2. How do the results using updated measurements change the system?  
This study has reduced the 6.5% of total change in Reservoir volume down to 0.54%. As 
noted above, this is a simplification of the total bank-storage exchange component; however, to 
get this value, a larger evaluation of the region surrounding the reservoir was needed. The results 
from this study lower the expected bank-storage value and increase the value of the connection 
between the groundwater system and the Reservoir. 
3. How do results using previous methods compare to values using a more robust 
system of analysis? 
As noted above, this study reduces the quantity of calculated bank-storage. Although, it 
must be emphasized that a full hydrogeologic analysis of the region surrounding the entire 
Reservoir should be completed to narrow and refine current calculated values. Additionally, data 
collection using current hydrologic engineering techniques outline below should be undertaken to 
address this data gap.  
7.2 Recommendations for Further Study 
Large capacity groundwater-storage in the Reservoir area is harder to manage because of 
physical and hydrologic constraints that affect the rate of water exchange with surface-water. 
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Groundwater does not behave as a level pool like surface-water reservoirs and is governed by 
porous media flow that is based upon aquifer parameters, boundary conditions, and pumping rates. 
These differences have implications for effective water management of groundwater resources 
near the Reservoir that include: 1) substantial impacts due to extraction/injection locations, 2) 
nonlinear and complex surface water/groundwater interactions and 3) effects on regional 
hydrology that can continue long after pumping/injection in both surface water and groundwater 
systems has stopped. Narrow and limited understanding of spatial and temporal effects of surface 
water/groundwater interactions can lead to mismanagement of allocated resources. This work uses 
numerical models of groundwater flow to quantify capture from pumping and demonstrate issues 
of sustainable groundwater storage while using the Lake Mead reservoir for a comparative 
analogy. To expand upon these efforts, help clarify the magnitude of regional groundwater systems 
impact to the Reservoir, and limit potential error in available data; additional studies and data 
collection are recommended by this study: 
1) Collection of groundwater exchange with the use of a seepage meter network in areas 
along the Reservoirs banks adjacent or near extended Basin fill and unconsolidated fill-
sediments.  
a. Seepage meters measure flow of water at the soil water interface, and data 
collected from these instruments could be used to calculate hydraulic 
conductivity.  
b. Additionally, volume of water collected over time would be used to describe 
flux between the shallow near-shore aquifer (bank-storage exchange), and 
Reservoir. 
2) Installation of additional wells near the Reservoir in areas affected by bank storage. 
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a. Data collection from these meters would be coupled with additional 
piezometers to obtain change in hydraulic head. 
b. Wells near the reservoir would expand available groundwater level data, help 
describe groundwater flux with Reservoir stage-change, and would provide site 
specific aquifer property data through aquifer testing. 
3) Measurement error analysis of inflow and outflow data collection. 
a. Statistical evaluation of collected inflow and outflow record that expands on 
differences in data collection approach, and how each element propagates to the 
total inflow and outflow component, would narrow uncertainty in the calculated 
values.  
b. Evaluation would also examine differences in collection efforts over time, 
considering available equipment and computational methods used. 
4) Chemical analysis of groundwater and bank-storage water. 
a. Using age dating techniques (i.e. isotopic and carbon-14 analysis) to 
differentiate between older groundwater and younger bank-storage water. 
b. Nutrient analysis in areas around surface-water inflow and population sources 
versus regional areas with little impact from anthropogenic sources.  
 
These additional data-collection and data-analysis efforts would greatly improve additional 
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MODFLOW Model construction and component description. 
 
Specific structure and model overview for MODFLOW 6 can be found at: 
https://www.usgs.gov/software/modflow-6-usgs-modular-hydrologic-model 
Additionally, description of input parameters and processes can be found at: 
https://water.usgs.gov/ogw/modflow/mf6io.pdf 
This appendix describes the format and structure of the MODFLOW 6 model developed for this 
study. Attempts were made to adhere to specified MODFLOW model structure and defined 
parameters are associated with specified model packages as suggested by provided examples and 
the MODFLOW user manual. Sections below provide descriptions of specific components used in 
the model development and execution. 
INTERFACE AND APPLICATIONS 
A graphical user interface (GUI) was used in the construction of the model. ModelMuse (Winston, 
2019) was used as a model builder for MODFLOW 6 in this study. This GUI is open-source 
freeware and published by the U.S. Geological Survey and can be found at: 
https://www.usgs.gov/software/modelmuse-a-graphical-user-interface-groundwater-models 
ModelMuse was selected because it allows for importing shapefiles of all physical components 
(hydrogeology, structure, boundary, potentiometric (water-level) contours; lake boundary); 
importing digital elevation models (DEM) for elevation control; and automated file structure 
control and interface for MODFLOW 6. All imported shapefiles and DEMs were constructed with 
ArcGIS®, a remote sensing, geographic information systems (GIS) software application published  
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by esriÒ and used for geographic visualization and analysis, found at: 
https://www.esri.com/ 
Shapefiles and DEMs were organized and converted to ModelMuse input files using QGIS® an 
open source GIS application found at: 
https://www.qgis.org 
 MODEL FORMAT BOUNDARY AND COORDINATES 
The model is constructed as a two-dimensional flow model that examines horizontal flow at the 
Reservoir and hydrogeologic unit interface. Anisotropy in the x and y direction is equal to 1 and 
is controlled by the defined hydraulic conductivity in the hydrogeologic unit and is defined as: 
If Kx=0 then H.Anisotropy = 1 else H.Anisotropy = Ky/Kx 
The study area box is defined by the Universal Transverse Mercator (UTM) system of coordinates 
provided in meters with zero grid angle that include the following coordinates: 
Upper left corner:   Upper right corner: 
(679467.05785, 4025730.32345) (721467.05785, 4025730.32345) 
Lower left corner:   Lower right corner: 
(679467.05785, 3985730.32345)  (721467.05785, 3985730.32345) 
The hydrologic unit area boundary that represent the perimeter of peak elevation surrounding the 
Boulder Basin study area was defined by the USGS and USDA-NRCS and found at: 
https://water.usgs.gov/GIS/huc.html 
Model simulations at depth represent the dynamic processes at the water-level contact.   
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Elevation of the model top layer is defined by the 30-meter DEM downloaded from the USGS 
National Map and Data Delivery service at: 
https://www.usgs.gov/core-science-systems/ngp/tnm-delivery 
The DEM was converted to a GEOtiffÔ format in QGIS® for import into the upper layer model. 
Values for this upper layer (in meters) include: 
       Column Row Value (elevation in meters)                 
  1   914.8       893.9       891.0       868.1       870.2       819.3       815.1       807.5       796.3       787.4     
       775.6       764.2       753.4       739.8       731.3       729.8       714.0       719.1       742.6       810.9     
       836.3       812.2       808.9       903.3       959.5       893.0       903.0       889.1       894.2       847.8     
       822.4       817.2       806.0       804.8       801.6       804.3       804.1       806.8       805.9       806.3     
       818.9       833.9       845.0       846.7       874.0       909.4       998.6       1011.       1084.       1107.     
       1075.       1033.       941.1       950.5       993.6       1053.       1023.       975.2       1022.       1038.     
       1039.       1093.       933.8       881.7       862.4       847.5       834.9       816.8       802.1       791.4     
       781.1       768.9       751.6       745.2       734.9       718.6       706.1       697.4       692.2       681.7     
        687.7       680.1       684.7       691.7     
  2    977.5       958.6       951.6       924.9       850.8       826.1       814.7       815.2       839.9       828.8     
        786.3       768.3       755.9       759.9       749.6       722.2       722.0       730.6       770.2       863.6     
        872.7       833.8       876.2       965.2       971.1       902.0       879.4       873.7       870.6       838.7     
        847.5       826.8       815.8       815.1       809.2       807.4       809.6       809.9       814.2       818.1     
        823.8       837.8       856.2       862.1       916.8       952.6       1003.       1055.       1147.       1206.     
        1109.       990.2       938.9       946.2       1024.       1024.       988.6       946.2       947.5       983.9     
        954.1       1014.       930.3       864.8       848.6       830.9       820.2       809.6       791.5       778.7     
        767.9       756.9       743.9       730.6       722.1       708.6       700.8       681.9       682.8       672.0     
        667.8       666.8       672.7       693.7     
   3   1147.       1055.       1008.       933.0       865.7       837.5       826.3       867.4       943.4       872.9     
        804.3       776.7       759.9       748.1       736.7       726.1       731.7       742.8       776.7       836.1     
        852.5       841.0       922.3       969.8       925.0       905.1       912.8       879.5       857.3       839.1     
        850.5       834.6       829.7       831.1       819.5       815.2       821.3       820.3       823.3       831.3     
        839.7       851.2       869.1       889.3       936.9       978.0       957.2       1001.       1091.       1193.     
        1101.       981.4       945.4       947.2       995.1       979.9       928.0       908.0       900.8       901.0     
        901.2       905.0       885.9       851.5       833.5       817.1       804.2       795.6       783.5       769.3     
        757.7       747.4       733.0       724.6       711.2       695.5       687.5       685.9       670.5       663.7     
        656.1       657.4       683.9       742.6     
   4   1073.       1054.       1043.       965.5       866.1       847.6       840.7       867.7       911.2       850.9     
        804.2       780.8       764.7       750.3       735.2       734.6       747.9       753.6       793.7       826.1     
        811.7       854.2       930.4       960.3       921.3       898.4       924.6       895.5       880.2       849.3     
        855.5       848.0       842.2       833.7       833.7       822.2       833.9       832.1       834.4       842.4     
        866.6       880.2       882.0       945.4       949.9       1002.       955.0       976.5       1021.       1115.     
        1037.       981.8       955.3       958.9       970.7       1002.       948.7       923.2       902.6       882.2     
        871.6       857.8       853.3       833.7       815.6       802.5       794.0       779.7       771.3       759.4     
        749.6       738.7       726.2       721.6       732.7       696.0       678.0       683.7       672.9       653.7     
        647.7       655.8       694.2       853.6     
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   5   895.5       933.8       902.9       894.7       907.0       884.0       837.8       826.5       849.5       825.9     
        802.0       780.8       762.1       747.6       738.0       747.8       766.0       771.6       784.1       787.2     
        801.9       824.4       881.4       925.5       902.5       885.2       866.3       867.1       854.0       865.2     
        865.3       865.0       857.3       852.4       856.1       837.0       838.6       843.7       847.4       854.0     
        879.4       910.3       956.1       992.5       997.3       989.5       966.8       980.5       1024.       1057.     
        1027.       971.4       972.3       980.7       981.6       1021.       1022.       959.1       932.5       901.8     
        873.3       851.4       831.8       818.2       802.7       790.4       782.2       770.8       757.7       750.8     
        740.5       730.9       724.4       711.5       776.7       710.3       673.5       668.6       680.4       693.8     
        643.5       663.8       759.2       848.3     
 6     828.1       820.5       829.7       886.1       990.7       921.1       841.8       806.3       815.0       799.2     
        784.8       773.9       758.6       746.6       749.1       761.3       770.1       787.8       801.6       823.8     
        810.1       854.9       886.5       877.1       888.9       853.0       851.0       858.5       856.2       869.3     
        866.5       875.8       877.9       863.8       862.1       847.8       837.4       854.1       860.7       865.2     
        882.9       914.1       989.7       1031.       1046.       983.6       988.8       994.1       1016.       1127.     
        1058.       987.0       988.7       997.7       1012.       1108.       1079.       993.0       941.7       908.5     
        882.7       859.2       834.6       815.8       801.2       786.6       772.9       760.9       749.0       738.5     
        732.4       720.9       715.4       709.6       734.1       744.6       678.5       671.4       700.8       693.8     
        634.4       693.5       800.4       753.3     
   7   790.2       792.2       819.1       858.1       917.8       888.9       853.0       805.2       791.4       790.0     
        785.3       768.7       757.1       754.0       759.2       767.8       779.8       795.4       813.5       833.2     
        862.5       852.7       882.4       848.4       843.9       835.3       839.0       850.5       867.9       865.0     
        875.8       883.2       877.7       863.8       855.0       847.9       847.1       858.7       870.8       878.1     
        894.7       953.3       988.6       1049.       1049.       1009.       1021.       1056.       1043.       1092.     
        1075.       1030.       1007.       1016.       1029.       1150.       1209.       1017.       962.6       913.0     
        883.7       857.8       834.8       816.8       800.0       784.9       773.6       761.2       749.8       742.1     
        730.4       722.9       705.9       705.0       715.4       706.1       680.5       662.1       672.7       644.6     
        624.5       778.6       713.0       657.3     
   8   767.6       767.3       776.9       799.6       818.2       829.8       818.3       799.3       810.2       789.4     
        774.6       768.0       761.6       783.7       770.7       769.9       779.0       790.9       803.2       820.0     
        836.2       831.4       876.8       841.8       818.1       817.4       824.2       849.4       870.1       880.0     
        885.5       891.3       883.4       873.4       861.4       865.3       854.6       862.6       878.4       890.6     
        910.4       945.8       991.0       1031.       1090.       1082.       1082.       1177.       1129.       1063.     
        1079.       1050.       1036.       1042.       1047.       1118.       1199.       1033.       970.0       929.2     
        891.3       855.8       838.9       819.4       802.8       792.3       786.6       773.6       786.3       811.8     
        782.7       783.2       731.3       704.9       766.8       712.0       670.0       718.6       689.1       634.7     
        630.5       765.7       644.8       629.6     
   9   749.5       749.2       749.8       757.6       784.9       783.6       800.2       774.3       755.6       757.1     
        762.6       758.6       779.2       771.6       777.9       786.0       782.6       787.1       800.0       808.8     
        811.5       811.9       833.9       823.0       803.3       808.3       821.5       836.1       862.4       881.3     
        905.8       906.3       894.5       875.8       866.6       873.7       862.0       869.0       883.4       897.1     
        945.6       1036.       1020.       1031.       1082.       1132.       1193.       1272.       1171.       1085.     
        1117.       1097.       1097.       1078.       1073.       1132.       1189.       1049.       991.0       948.3     
        918.9       885.6       852.5       830.8       809.7       799.0       791.5       824.6       885.3       935.7     
        805.1       715.6       707.9       703.5       808.8       759.7       693.2       754.2       742.4       688.7     
        664.2       675.4       612.7       632.7     
  10  732.9       731.6       731.6       741.4       777.3       759.2       746.9       745.8       737.7       748.1     
        742.5       737.3       748.8       761.0       803.1       816.2       817.7       808.5       786.9       794.9     
        796.5       796.8       804.4       798.1       793.5       806.2       817.2       837.4       860.1       875.7     
        889.1       911.6       891.2       881.1       876.6       873.4       866.6       870.7       882.7       897.1     
        935.7       1009.       1030.       1036.       1065.       1094.       1174.       1184.       1198.       1259.     
        1215.       1233.       1287.       1146.       1114.       1134.       1263.       1100.       1006.       956.0     
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        917.7       887.0       861.1       835.9       815.7       812.1       866.3       907.8       855.9       789.2     
        709.1       678.7       673.8       683.0       786.2       849.9       757.6       755.3       833.5       746.7     
        650.3       619.9       596.3       656.2     
  11  716.5       716.0       716.1       719.7       721.9       726.9       724.7       731.8       727.6       724.5     
        715.1       716.9       738.0       759.4       787.6       820.5       810.8       808.5       787.7       780.2     
        782.1       789.4       789.4       780.4       791.1       804.7       818.0       842.3       878.3       910.6     
        904.3       908.9       902.7       895.1       886.2       881.6       877.0       879.7       885.5       920.0     
        942.2       961.5       989.8       1025.       1028.       1054.       1091.       1129.       1271.       1432.     
      1402.       1344.       1423.       1274.       1206.       1249.       1234.       1122.       1033.       958.0     
        912.3       881.2       856.9       836.4       831.1       891.3       870.1       782.3       730.2       709.1     
        686.3       668.8       659.7       659.0       702.9       707.9       684.6       632.9       686.7       673.9     
        599.8       590.4       587.1       662.6     
12    701.8       701.6       701.6       698.8       701.4       708.1       708.2       716.8       710.3       704.2     
        701.5       725.6       728.8       744.8       767.0       774.7       767.8       777.6       796.7       767.6     
        768.4       777.5       768.7       783.5       797.9       817.9       838.2       861.0       901.8       945.5     
        940.3       936.3       932.2       910.7       904.6       900.0       888.3       891.4       902.7       943.8     
        952.7       964.2       987.7       988.6       961.3       966.5       999.3       1107.       1273.       1377.     
        1415.       1536.       1455.       1388.       1443.       1378.       1329.       1174.       1038.       970.2     
        921.4       885.7       864.2       844.6       877.8       877.1       752.7       725.7       703.2       688.8     
        677.9       669.3       675.6       650.0       642.2       631.6       618.0       604.4       596.5       587.3     
        587.1       574.5       575.6       600.3     
  13  687.4       688.3       686.1       684.1       686.6       692.5       697.9       701.9       696.9       689.5     
        702.5       722.3       724.6       733.6       747.4       758.2       756.2       746.7       777.5       765.2     
        760.3       754.3       769.8       790.7       811.0       830.8       854.2       876.6       906.8       933.5     
        953.2       962.5       956.6       940.1       939.4       922.2       908.1       918.6       934.2       949.2     
        964.9       994.1       970.5       946.3       933.8       967.8       1013.       1099.       1208.       1277.     
        1480.       1587.       1442.       1339.       1383.       1514.       1359.       1144.       1039.       975.3     
        924.6       893.3       866.9       865.2       938.2       807.5       752.0       718.6       704.8       701.6     
        688.8       676.6       672.0       667.2       633.4       624.3       617.8       606.4       592.9       582.0     
        573.9       566.0       562.2       566.2     
  14  673.6       674.5       673.4       672.1       675.8       681.8       687.3       693.8       689.5       679.8     
        698.2       706.2       715.1       726.6       735.1       741.1       740.2       732.6       743.9       771.5     
        751.2       749.2       768.2       781.9       804.5       831.6       856.2       879.3       899.1       868.0     
        876.6       916.0       950.7       928.1       939.3       945.5       953.2       968.0       958.8       974.2     
        969.1       950.2       938.8       951.1       918.7       974.0       1003.       1024.       1114.       1174.     
        1395.       1480.       1497.       1368.       1283.       1413.       1334.       1207.       1072.       958.0     
        928.2       894.5       869.8       911.1       889.2       780.7       738.8       727.8       717.2       696.8     
        677.0       664.8       651.2       642.4       627.8       621.9       611.4       609.8       591.9       578.7     
        570.0       561.4       556.7       551.4     
  15  660.0       661.7       661.2       660.9       666.4       671.1       678.9       680.9       674.0       676.3     
        690.4       700.6       715.1       723.7       724.1       736.0       724.0       727.5       733.1       736.6     
        739.1       756.8       767.8       775.1       800.8       832.0       854.1       884.3       880.4       867.8     
        826.4       838.4       870.7       875.2       913.9       974.7       1007.       955.3       951.6       960.2     
        956.3       917.0       929.3       907.1       907.1       956.4       972.7       1009.       1046.       1141.     
        1245.       1317.       1501.       1357.       1202.       1252.       1437.       1304.       1088.       947.4     
        900.7       881.9       862.4       894.0       830.5       759.7       753.2       736.3       730.4       711.7     
        678.0       659.3       647.8       636.8       624.6       614.8       607.9       600.0       591.4       580.1     
        569.7       560.6       551.7       543.3     
  16  648.3       649.5       650.6       652.7       657.8       663.8       668.9       669.7       663.6       674.6     
        686.0       697.5       712.1       715.7       722.2       720.1       714.0       714.0       710.5       720.3     
        732.4       750.7       759.9       773.5       797.4       821.5       846.3       870.2       831.3       801.3     
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        811.8       827.5       822.7       842.2       916.9       967.8       996.1       929.6       929.8       921.8     
        889.2       880.2       867.6       854.7       885.8       933.9       963.3       990.5       1010.       1055.     
        1153.       1209.       1427.       1424.       1278.       1161.       1370.       1429.       1147.       939.0     
        879.7       858.4       890.6       842.7       792.9       790.2       778.0       768.8       730.2       705.0     
        680.4       664.3       649.6       636.9       628.1       618.3       606.3       596.1       588.1       580.1     
        572.7       562.7       551.4       543.4     
  17  636.0       638.4       641.2       645.1       651.2       658.3       659.2       655.9       660.9       680.7     
        701.2       706.3       709.6       707.4       718.2       708.5       708.1       696.1       714.9       719.7     
        724.6       738.9       750.5       766.8       787.2       813.8       835.4       851.3       861.8       778.6     
        755.3       797.2       811.1       823.0       863.0       881.2       913.7       927.7       849.7       835.8     
        826.4       819.9       826.9       844.5       882.2       925.7       940.7       962.2       980.1       1020.     
      1117.       1144.       1270.       1311.       1183.       1106.       1207.       1270.       1105.       922.7     
        864.2       838.2       873.0       821.6       796.2       792.7       767.8       751.3       723.2       700.8     
        681.5       662.0       650.3       641.5       628.9       617.7       605.0       593.8       586.5       575.8     
        568.9       558.6       552.4       542.1     
18    624.5       629.0       632.2       636.9       643.3       649.4       647.8       650.0       661.9       680.5     
        695.8       692.9       681.5       701.5       706.1       699.4       689.5       699.1       708.1       703.5     
        716.1       728.9       741.0       753.9       769.8       788.7       807.0       822.3       835.9       759.3     
        734.5       749.6       793.2       779.7       802.0       798.5       806.6       818.3       783.3       788.1     
        792.5       800.6       814.0       838.6       864.8       912.4       926.5       943.8       962.8       1016.     
      1088.       1144.       1137.       1153.       1059.       1030.       1076.       1097.       1128.       930.4     
        866.9       842.9       852.4       831.6       781.3       764.2       763.7       732.2       712.3       694.7     
        684.1       669.0       657.1       644.0       631.5       616.7       602.6       590.4       582.2       572.7     
        566.0       562.7       556.2       550.3     
  19  615.4       621.3       623.6       629.0       635.0       636.1       643.4       661.7       670.7       676.0     
        677.8       674.2       680.6       689.9       691.5       704.0       677.8       682.7       696.6       693.0     
        701.9       716.4       725.7       744.9       759.1       771.2       787.9       795.8       782.6       729.5     
        721.1       706.1       720.0       754.5       768.4       744.8       745.5       756.1       759.3       771.5     
        807.4       807.8       821.1       842.1       875.7       939.4       947.9       950.5       973.2       1035.     
        1045.       1088.       1037.       1019.       987.4       978.0       961.9       989.5       1092.       921.9     
        931.2       935.7       948.9       860.4       787.4       760.5       741.4       735.5       714.8       692.6     
        678.1       662.5       649.9       639.0       628.3       617.4       599.4       590.5       582.4       575.8     
        576.5       571.7       562.6       564.7     
  20  606.6       611.8       615.3       620.7       622.8       627.8       640.9       653.9       657.9       659.4     
        657.6       653.9       662.5       674.9       681.0       695.0       675.0       663.9       673.3       682.6     
        689.1       699.6       713.5       731.5       742.4       759.4       764.2       762.0       727.3       706.5     
        704.0       692.8       744.1       781.7       747.7       713.3       726.1       736.0       751.1       775.8     
        782.4       800.9       823.7       868.2       884.3       928.0       940.7       967.2       976.2       1011.     
        1050.       1061.       971.1       938.2       951.5       945.3       916.9       912.4       923.5       889.7     
        992.2       929.8       826.5       792.2       764.1       758.0       732.0       727.3       706.3       688.6     
        672.9       660.0       644.7       629.9       622.4       615.9       605.4       599.0       590.0       584.1     
        580.3       580.0       574.5       575.5     
  21  598.1       603.5       607.0       612.2       614.2       622.5       631.7       635.3       633.9       638.6     
        642.1       653.0       658.8       665.0       669.9       672.8       661.1       654.5       660.3       664.4     
        674.6       685.2       699.5       714.1       729.4       737.9       735.4       736.1       712.3       695.7     
        684.1       690.9       730.1       728.3       701.3       712.8       723.4       731.6       744.4       757.9     
        776.2       793.1       834.8       892.7       924.0       919.2       928.4       925.4       974.3       1046.     
        1076.       1038.       927.4       907.7       919.9       914.2       893.6       884.2       858.9       843.7     
        894.2       872.8       795.3       766.0       748.3       734.4       730.6       717.7       710.7       688.2     
        676.0       663.3       666.5       637.7       622.4       619.4       617.6       601.5       600.6       596.8     
        590.2       589.8       590.3       597.9     
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  22  591.2       596.7       599.4       603.5       605.9       607.3       611.9       615.7       621.9       637.7     
        648.5       651.5       656.8       655.5       651.6       658.0       652.2       644.6       649.1       650.8     
        660.5       671.2       685.8       697.1       704.5       713.2       718.4       708.3       671.5       663.9     
        663.6       660.4       678.5       679.5       702.6       709.6       709.8       724.7       739.3       752.8     
        767.7       804.8       863.5       923.3       949.9       950.8       908.8       876.3       954.9       1080.     
        1088.       989.9       906.6       866.2       888.8       874.9       855.6       860.3       846.7       831.1     
        806.3       795.0       773.3       749.8       737.2       715.5       714.1       701.9       695.1       678.4     
        668.8       655.8       646.2       637.3       630.7       618.4       608.4       599.7       615.1       606.7     
        611.2       603.3       620.0       637.3     
  23  585.1       588.8       590.9       594.9       597.4       601.6       608.1       614.6       625.3       646.8     
        663.2       665.3       658.7       667.3       652.3       645.6       638.7       636.7       636.0       639.0     
        647.1       658.4       666.4       669.5       677.3       682.5       693.6       669.4       648.2       643.8     
        648.2       649.5       660.2       668.9       690.6       698.8       720.1       724.4       736.3       752.9     
        771.9       865.7       898.7       934.6       931.3       917.7       871.0       808.9       813.1       891.1     
        913.7       907.6       870.0       837.1       857.0       854.7       821.4       813.9       885.7       866.5     
        757.6       773.8       765.8       748.0       729.9       707.6       701.5       698.2       684.8       678.1     
        667.1       650.6       645.8       633.4       622.0       616.8       612.4       609.9       620.8       618.1     
        619.3       619.9       653.1       703.3     
 24   577.7       581.8       586.1       590.5       596.8       604.2       616.0       627.7       627.1       631.9     
        640.8       656.4       648.9       645.8       642.7       627.9       625.8       623.0       623.6       626.6     
        633.7       643.1       648.0       647.0       653.5       655.7       647.9       639.2       626.2       626.7     
        633.7       648.2       654.8       675.3       719.3       751.5       761.6       740.4       752.9       793.2     
        812.2       879.2       885.7       890.0       887.8       830.8       788.2       759.2       763.0       775.6     
        788.7       794.9       814.3       835.6       810.6       812.4       788.9       805.9       932.2       811.3     
        707.5       722.4       742.7       719.7       697.8       721.2       686.0       682.1       677.8       668.3     
        657.0       642.2       641.5       636.5       626.8       621.8       621.3       619.0       630.0       637.1     
        667.6       642.8       637.4       656.4     
  25  573.3       578.1       583.2       590.5       602.1       611.5       625.7       636.9       639.5       639.4     
        637.1       629.5       627.7       633.3       629.1       630.0       617.8       613.2       610.1       612.2     
        618.6       625.2       627.7       630.2       633.7       637.3       630.4       619.6       614.6       618.0     
        635.2       637.1       646.0       671.0       702.7       748.7       731.7       747.9       789.9       815.2     
        827.4       851.1       840.1       855.6       859.2       772.7       755.3       735.7       734.7       745.9     
        754.2       808.2       838.1       827.0       777.5       779.6       765.2       776.4       921.3       839.4     
        692.3       697.0       690.1       657.6       652.5       692.5       671.4       677.8       686.4       679.3     
        663.8       655.1       655.2       653.5       636.9       634.5       626.3       635.2       658.0       681.0     
        683.6       671.5       648.8       656.5     
  26  571.7       576.7       583.4       595.9       609.1       621.9       633.0       646.8       661.8       661.3     
        650.0       637.6       628.0       617.5       608.8       622.9       608.5       603.1       598.7       600.3     
        605.0       608.0       612.4       614.2       615.5       617.8       628.8       605.8       604.7       619.0     
        622.3       628.6       642.2       664.8       686.8       717.8       732.0       779.0       790.0       796.6     
        804.7       784.6       768.6       744.2       746.2       727.3       714.6       709.5       736.6       740.4     
        737.2       754.8       812.7       799.5       751.6       744.2       731.4       769.4       928.8       837.3     
        681.3       648.5       633.6       636.7       646.3       668.8       661.7       687.5       712.2       702.1     
        675.4       668.0       666.6       661.5       647.1       639.0       634.9       641.8       683.6       713.3     
        802.2       727.4       680.3       682.1     
  27  568.4       576.3       592.7       623.4       650.7       677.6       659.7       659.2       679.4       681.5     
        666.9       662.0       664.7       635.2       623.0       602.2       599.2       593.2       588.2       588.1     
        591.4       594.1       598.8       600.4       598.7       599.0       609.4       592.5       596.9       607.1     
        620.7       646.8       665.6       669.9       687.1       681.2       756.3       744.4       743.9       800.4     
        811.3       764.4       735.6       711.8       704.1       701.2       690.6       697.6       735.8       717.1     
        727.3       758.1       850.0       776.0       727.7       722.9       714.6       787.4       832.9       708.6     
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        669.1       643.0       623.2       626.2       641.9       655.7       694.8       735.6       753.4       740.6     
        699.5       686.2       672.8       664.6       657.5       648.9       644.0       669.0       712.1       807.4     
        801.6       720.2       664.6       678.2     
  28  571.6       585.4       615.1       676.4       744.3       759.0       716.4       684.1       691.4       694.2     
        669.3       689.3       733.2       719.6       654.0       604.2       596.0       585.9       589.1       576.8     
        578.9       581.6       586.0       586.5       584.0       582.5       585.0       587.5       611.6       638.9     
        656.9       684.4       699.9       707.7       670.5       651.9       673.3       698.7       766.2       791.4     
        773.4       746.9       737.2       705.3       684.0       695.6       676.7       683.6       715.1       702.4     
        703.8       745.6       849.6       892.6       739.1       687.1       715.9       809.9       684.9       649.7     
        635.2       652.4       633.8       620.4       674.6       650.7       686.9       713.9       744.7       730.9     
        712.7       695.9       683.7       704.2       695.0       667.1       682.1       710.9       784.5       802.7     
        716.1       678.3       639.5       668.1     
  29  581.2       604.5       658.5       763.7       854.6       923.7       830.6       750.2       720.3       698.5     
        726.3       722.8       721.5       700.6       641.7       608.0       595.9       578.8       572.5       566.1     
        567.7       571.1       573.6       574.0       572.4       568.9       568.1       578.3       613.1       613.5     
        613.1       632.6       661.0       674.1       636.9       640.2       660.5       669.5       698.1       700.8     
        707.2       712.0       730.0       752.0       690.4       677.9       677.8       664.4       694.6       659.3     
        656.3       682.9       763.6       813.8       770.7       680.4       810.2       814.2       659.2       629.5     
        632.5       658.4       610.7       622.9       640.6       640.7       703.3       702.0       731.1       737.8     
        726.6       741.2       712.3       766.5       697.2       710.1       747.2       781.8       745.7       688.7     
        641.8       621.4       648.1       685.3     
30    586.4       619.4       699.4       803.8       943.0       928.7       805.7       772.8       718.5       713.4     
        732.9       720.0       682.4       651.1       622.8       619.0       624.6       634.1       587.9       558.2     
        556.7       561.9       563.8       562.8       561.6       568.4       556.5       564.6       578.8       594.5     
        592.0       598.9       616.2       629.2       619.9       629.7       650.6       645.7       659.1       675.5     
        682.4       687.6       683.2       690.5       661.6       647.3       636.9       643.3       672.5       654.9     
        635.6       693.7       805.6       764.5       701.6       792.6       738.4       716.5       672.5       661.7     
        599.1       598.2       592.7       598.7       613.5       645.4       680.0       739.8       809.0       798.7     
        779.0       736.7       777.6       721.8       735.1       846.1       832.5       753.4       660.9       625.2     
        602.3       620.4       665.7       724.5     
  31  601.7       709.0       801.8       881.6       917.0       821.5       774.8       732.1       731.9       739.3     
        683.2       688.3       723.3       647.4       678.2       663.2       600.8       579.1       557.0       549.4     
        548.0       553.2       554.5       555.4       552.7       558.0       546.5       551.4       556.3       561.4     
        568.4       578.4       586.3       588.3       593.7       605.5       633.4       694.4       677.4       679.7     
        669.8       682.1       673.9       685.1       660.8       649.3       643.3       619.2       638.5       633.1     
        628.7       734.5       739.5       635.7       656.0       642.5       627.0       697.0       624.9       669.7     
        613.1       576.2       581.4       596.8       619.7       654.2       699.6       885.6       864.3       811.0     
        771.4       812.0       763.0       731.7       809.3       883.6       768.7       644.0       604.5       580.4     
        594.1       633.1       718.3       841.1     
  32  682.4       815.1       786.6       800.7       765.9       752.5       741.4       735.7       733.2       682.6     
        668.5       676.7       698.6       682.8       636.3       573.7       563.5       560.6       546.2       538.6     
        540.8       545.1       547.6       548.0       544.5       548.9       537.3       540.4       540.1       543.6     
        551.3       559.1       567.7       576.4       594.3       605.8       617.2       643.1       659.0       663.6     
        668.0       686.1       653.5       688.8       695.5       655.1       611.1       597.0       627.2       630.0     
        651.9       695.4       642.8       594.3       596.7       583.7       589.7       583.7       568.7       561.5     
        568.3       590.0       588.8       610.4       648.6       724.8       791.8       854.1       812.9       765.3     
        807.0       763.9       729.4       822.1       811.9       720.9       620.2       575.4       558.9       576.6     
        662.4       712.1       800.0       872.3     
  33  713.5       720.5       700.1       720.9       739.3       815.4       793.1       719.3       669.3       642.6     
        660.0       667.6       626.9       604.6       580.9       560.2       552.3       546.7       536.3       528.3     
        531.5       536.6       540.1       541.5       532.6       534.2       528.5       535.4       532.6       529.7     
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        535.7       545.3       556.2       567.5       595.9       657.9       655.6       656.5       645.4       629.3     
        627.7       623.9       625.5       632.3       621.6       609.8       608.9       606.0       667.4       612.1     
        638.4       638.7       626.9       583.8       570.8       560.6       556.8       553.6       547.1       554.6     
        571.1       589.5       608.4       639.3       667.8       775.0       812.9       777.8       739.3       752.2     
        771.1       758.4       774.9       776.7       636.5       590.2       550.9       538.9       553.6       698.3     
        847.2       830.1       844.3       822.2     
  34  670.1       677.1       730.1       763.8       784.8       806.3       685.2       645.3       622.2       608.9     
        605.6       609.2       609.9       582.9       549.9       543.9       533.8       534.2       527.0       522.1     
        524.6       530.6       536.0       550.8       536.4       521.7       522.4       525.5       518.4       517.8     
        526.6       536.8       560.8       605.7       588.3       614.6       624.7       638.7       685.0       667.6     
        615.8       601.5       605.5       642.3       662.3       686.5       653.1       575.6       580.2       590.9     
        664.4       686.7       665.4       651.2       584.5       546.2       543.4       537.7       537.6       551.0     
        583.3       613.7       637.9       667.0       654.8       701.7       739.0       727.3       765.6       774.6     
        808.8       797.6       718.4       622.7       566.2       535.8       521.0       547.2       608.5       659.7     
        731.2       727.5       759.7       747.8     
  35  679.8       764.8       776.4       786.7       774.8       698.5       657.2       638.3       628.1       600.5     
        586.6       577.7       567.6       543.4       530.6       525.4       519.8       519.7       519.3       512.5     
        517.5       524.9       531.2       538.3       535.0       521.1       513.3       511.3       504.8       509.9     
        518.5       526.8       552.0       597.4       589.4       604.9       614.5       614.7       634.9       635.5     
        618.7       593.8       604.2       657.7       666.9       627.4       583.0       559.9       568.4       571.3     
        604.7       626.9       643.1       618.4       595.9       538.9       530.7       523.7       539.5       558.1     
        583.4       621.9       693.0       769.3       713.7       692.6       719.7       764.3       740.7       734.8     
        748.4       699.9       593.3       563.7       547.1       532.1       512.4       522.3       552.5       587.0     
        634.0       671.3       729.3       717.2     
36    725.4       754.4       760.7       750.9       733.9       696.6       684.4       695.8       614.2       594.3     
        580.3       570.5       555.6       542.9       530.3       519.6       510.7       507.7       510.9       504.2     
        513.2       508.0       518.0       521.9       513.8       507.3       500.1       493.0       495.4       502.2     
        507.7       515.6       536.8       555.1       578.7       604.4       603.9       608.6       628.3       606.5     
        600.8       584.0       613.2       636.7       638.9       612.6       577.1       544.3       539.6       535.7     
        523.0       521.7       529.0       553.8       561.6       521.9       511.5       520.3       541.3       575.7     
        658.2       699.1       710.0       728.1       741.5       745.6       726.1       748.8       728.4       666.6     
        638.1       606.3       589.3       616.4       620.8       566.8       578.0       506.8       513.0       621.1     
        670.4       678.9       737.7       740.2     
  37  804.6       900.1       889.6       788.1       733.7       732.3       797.1       680.4       601.0       576.5     
        582.1       553.6       547.2       540.7       529.8       521.7       509.5       499.7       500.3       504.2     
        526.1       491.3       506.3       511.8       502.2       500.3       490.6       484.4       486.9       492.3     
        498.1       508.2       523.8       541.0       564.8       594.1       592.7       605.9       616.2       587.1     
        579.4       566.1       590.7       606.7       606.7       587.3       584.2       538.6       533.4       581.8     
        553.2       505.0       530.3       588.8       547.3       509.3       506.7       534.8       563.7       594.1     
        672.2       667.5       672.1       715.2       777.5       800.0       769.3       719.8       690.1       653.5     
        631.6       628.4       649.4       650.0       616.2       645.2       585.4       518.5       485.2       648.3     
        659.6       619.4       714.9       823.9     
  38  949.6       1063.       943.6       772.8       811.3       798.0       746.2       625.6       583.1       566.2     
          60.0       546.6       536.0       528.5       531.9       515.8       503.6       491.2       488.3       493.4     
        505.1       487.4       478.3       502.1       504.6       486.1       479.0       476.4       477.2       482.0     
        489.6       501.7       514.4       526.3       548.0       574.5       571.5       586.9       587.2       567.3     
        563.2       561.9       572.1       573.8       577.3       564.6       545.0       521.3       540.5       592.6     
        607.5       507.2       509.0       512.0       485.3       491.7       512.0       546.5       582.8       616.0     
        640.8       675.5       747.6       769.6       841.5       884.4       810.4       776.8       706.6       684.5     
        699.9       707.1       713.8       684.2       674.0       628.8       613.1       663.5       504.7       490.3     
        574.6       554.6       701.9       700.8     
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  39  995.2       1071.       914.2       792.1       841.7       688.9       646.3       612.9       575.9       581.2     
        569.6       540.6       530.4       524.2       516.0       507.9       500.4       491.6       477.6       485.3     
        483.4       479.9       467.7       471.0       480.5       473.9       468.4       467.4       469.0       477.3     
        486.3       494.0       502.9       512.0       537.5       549.3       550.5       567.3       554.4       546.2     
        544.4       554.0       547.7       546.6       551.3       560.3       542.8       531.2       514.9       519.3     
        542.2       507.5       481.5       492.7       467.3       478.4       505.7       563.4       623.4       657.3     
        710.0       733.7       808.6       857.8       923.2       873.0       727.6       750.2       710.6       678.4     
        719.9       737.3       735.4       731.2       703.5       690.5       729.3       820.2       606.5       465.9     
        434.1       493.7       554.4       577.3     
  40  985.8       1070.       879.2       825.6       791.1       645.3       619.0       602.3       580.5       615.1     
        563.3       539.0       539.0       530.9       511.1       502.1       496.3       488.6       477.0       473.5     
        473.6       468.9       458.9       450.1       456.0       456.4       458.1       459.2       473.8       502.3     
        509.8       497.5       492.6       503.8       520.8       525.6       529.4       544.2       534.8       528.1     
        531.0       524.0       527.4       529.9       544.1       570.1       613.8       608.2       592.7       502.0     
        592.6       559.1       471.4       485.8       459.6       460.0       506.3       540.9       598.8       654.9     
        743.3       796.7       726.1       890.8       878.9       780.2       643.3       698.5       628.9       627.0     
        645.2       690.4       739.7       683.2       657.6       741.1       845.1       832.2       650.2       577.2     
        467.4       488.6       514.2       501.1     
  411024.       1085.       836.4       829.2       748.9       642.1       616.9       607.9       608.5       632.0     
        559.1       542.0       551.3       509.7       501.2       498.4       492.5       499.9       491.3       475.2     
        460.1       454.9       449.3       440.4       437.8       442.8       448.9       450.9       474.2       503.8     
        511.4       495.8       485.7       499.3       506.4       508.5       513.7       532.2       522.4       511.6     
        509.8       505.6       514.1       526.1       567.5       590.1       578.1       559.9       555.0       493.0     
        550.5       566.9       479.8       453.2       467.7       446.6       501.7       584.9       649.7       695.5     
        723.7       797.0       694.4       845.9       698.6       665.2       587.0       612.0       558.6       574.0     
        618.9       671.7       664.3       589.8       614.4       746.9       840.7       784.7       698.8       722.0     
        580.3       385.4       478.2       459.5     
 42 1062.       1004.       793.0       834.3       728.4       642.6       616.3       619.0       703.8       610.7     
        557.8       554.2       541.8       501.0       491.5       495.5       487.2       503.8       498.3       488.8     
        472.4       450.5       440.6       435.8       429.5       434.8       439.1       448.6       474.5       474.7     
        478.8       477.7       475.0       488.2       494.0       495.2       505.7       518.3       510.1       501.5     
        497.9       506.7       591.1       534.5       560.0       571.2       562.5       553.9       542.9       466.5     
        527.7       531.0       431.8       414.7       424.0       454.0       547.3       598.8       601.1       639.8     
        676.5       769.0       612.6       687.2       578.4       540.7       540.6       534.8       526.5       607.4     
        571.6       585.5       593.5       543.7       589.1       667.6       755.1       718.8       613.5       717.1     
        611.4       408.8       427.0       470.2     
  43  966.8       899.3       761.0       816.4       713.5       642.0       630.1       719.8       705.8       582.3     
        560.4       569.0       544.8       507.1       501.0       483.7       477.1       477.4       488.4       479.6     
        463.0       447.0       434.1       428.8       423.9       431.0       440.1       438.5       446.3       452.9     
        457.8       463.9       461.8       474.1       480.8       482.5       487.5       493.3       489.2       485.3     
        486.7       501.6       618.0       547.0       500.9       533.5       532.7       541.3       528.7       482.6     
        451.4       472.0       405.7       406.2       441.2       485.4       522.2       609.0       672.3       649.6     
        656.1       704.8       536.8       616.2       576.1       480.0       457.2       473.9       571.5       662.6     
        564.3       529.4       552.6       490.8       512.7       570.7       673.5       642.1       542.2       756.8     
        701.3       510.3       368.8       430.3     
  44  924.1       848.2       746.3       789.4       692.8       641.7       702.6       719.0       632.5       583.8     
        569.2       586.4       546.8       516.7       520.1       486.2       472.4       466.5       464.4       462.6     
        449.1       436.5       429.8       420.8       421.1       434.5       428.0       422.1       430.3       437.1     
        441.9       445.4       450.3       461.9       468.6       467.5       470.0       477.6       475.1       474.9     
        475.1       522.3       639.0       624.8       510.3       468.0       467.6       488.7       462.6       452.1     
        409.6       443.5       405.3       387.4       423.7       468.6       487.2       567.8       635.5       629.6     
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        544.0       514.8       471.1       457.2       469.4       429.9       406.1       457.0       508.6       497.0     
        503.9       515.1       564.9       492.3       425.1       471.2       582.9       490.8       441.0       619.2     
        594.5       492.5       385.9       366.7     
  45  782.0       815.9       717.8       784.4       674.5       643.8       680.0       632.7       603.6       583.5     
        576.2       599.5       553.0       536.2       504.1       489.7       476.8       466.9       455.9       461.1     
        441.7       431.6       424.9       416.6       417.4       427.7       421.3       412.0       418.3       423.5     
        427.1       432.4       442.8       450.1       452.9       452.9       454.3       458.0       455.0       453.5     
        452.5       485.8       575.9       628.8       539.1       482.0       465.8       441.4       439.2       427.1     
        403.4       409.5       397.0       382.9       414.9       433.6       473.5       527.1       573.0       569.2     
        505.3       454.5       436.7       418.9       401.8       377.4       391.5       427.1       472.9       414.4     
        455.4       603.0       566.4       492.7       424.4       398.2       451.4       371.1       389.7       417.5     
        397.0       377.5       366.7       366.7     
  46  676.0       745.2       701.9       768.1       661.1       641.5       630.7       605.6       602.3       590.8     
        597.5       615.9       591.1       564.4       519.6       505.7       503.8       492.4       463.3       443.8     
        437.0       428.6       420.3       411.7       409.4       432.8       437.0       415.2       407.5       412.8     
        416.2       419.6       429.8       434.7       437.3       447.5       440.0       445.5       440.0       438.6     
        446.2       475.5       497.6       510.7       505.4       456.3       445.7       432.8       415.0       398.2     
        382.6       384.2       380.7       375.5       395.7       407.3       447.9       473.2       493.5       532.9     
        485.6       465.8       406.8       402.3       371.0       368.0       369.7       380.8       413.3       380.4     
        494.0       602.8       442.0       428.3       388.1       368.3       367.6       398.8       513.5       697.8     
        578.3       485.1       396.5       366.7     
  47  650.1       701.7       710.4       730.2       644.6       636.8       616.3       607.3       629.7       595.3     
        621.8       654.5       743.7       603.5       527.6       501.8       485.0       480.1       466.5       453.5     
        440.4       434.3       428.3       412.1       397.4       420.4       435.3       423.3       399.7       401.4     
        402.2       404.1       415.0       419.8       425.3       438.6       423.3       432.7       425.8       422.9     
        430.2       461.8       479.1       452.8       434.8       419.6       433.4       436.6       430.0       391.4     
        372.8       367.8       366.7       367.3       368.7       383.0       409.7       444.8       457.1       456.0     
        435.7       426.6       391.9       372.7       375.0       367.5       367.7       366.7       371.3       374.7     
        570.0       645.4       432.9       368.5       366.7       390.2       386.3       514.9       641.1       781.1     
        728.9       632.4       454.9       372.2     
  48  627.8       659.9       704.8       671.9       630.0       620.3       614.5       649.1       627.9       604.0     
        612.7       610.7       686.8       592.4       513.1       492.1       478.1       464.7       454.6       444.0     
        426.2       438.3       439.1       414.3       403.6       395.1       409.4       413.6       395.9       388.7     
        389.3       388.9       399.0       406.7       421.5       419.8       410.9       415.4       415.7       412.4     
        420.7       446.0       443.9       430.0       417.3       396.4       409.0       400.5       421.7       403.7     
        384.1       370.0       366.7       366.7       366.7       367.9       383.6       448.5       439.3       402.8     
        386.3       380.1       368.5       367.9       371.3       367.0       366.7       366.7       366.7       372.4     
        529.8       525.5       379.6       366.7       408.3       453.7       434.3       527.8       736.1       888.9     
        874.4       724.8       541.8       413.5     
  49  616.3       635.2       697.7       622.4       602.3       598.0       645.1       648.4       620.4       619.9     
        594.4       552.7       577.0       531.2       488.4       469.9       462.7       451.9       441.8       430.9     
        421.2       427.3       416.6       404.4       405.2       381.1       394.1       406.8       399.0       380.6     
        376.6       377.9       387.3       399.3       402.1       401.5       401.1       399.5       405.9       401.3     
        401.3       412.4       408.7       403.1       391.7       384.9       374.9       373.1       388.8       378.2     
        387.9       399.4       369.0       366.7       366.7       367.2       376.5       376.7       409.6       388.8     
        369.0       366.7       366.7       371.1       367.6       366.7       368.0       417.0       370.2       366.9     
        417.9       382.1       366.7       390.2       487.4       558.1       487.2       511.7       784.9       912.8     
        864.6       741.3       567.8       452.6     
  50  602.5       612.4       629.7       594.4       584.4       615.6       649.9       667.1       621.4       638.9     
        569.5       530.0       550.4       496.8       513.3       487.2       462.3       450.5       448.3       434.1     
        419.5       404.8       384.4       385.3       396.4       385.4       378.8       392.3       392.8       382.7     
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        372.1       369.8       375.5       381.3       384.5       384.3       388.7       385.6       397.1       388.7     
        386.2       401.7       395.3       380.2       374.4       375.9       369.1       368.6       375.7       382.2     
        372.3       379.5       381.8       367.0       366.7       366.7       368.5       366.7       368.9       367.3     
        366.7       366.7       366.7       366.7       367.2       392.7       392.1       525.4       423.6       376.0     
        369.4       368.2       403.3       396.8       565.9       612.7       563.5       584.6       797.5       964.8     
        867.5       732.7       595.2       481.8     
  51  587.4       588.2       581.9       573.4       587.8       611.9       677.6       647.3       620.8       632.1     
        556.9       535.3       524.7       498.2       498.0       490.4       473.9       454.0       441.8       433.3     
        397.4       385.4       379.1       379.5       371.0       377.7       372.6       380.7       383.7       376.3     
        372.6       367.3       367.1       368.2       369.6       372.5       375.7       370.5       383.2       380.1     
        368.6       377.5       386.9       374.9       367.3       366.9       366.7       366.7       371.0       386.6     
        367.4       370.3       371.7       368.2       366.7       366.7       366.7       366.7       366.7       366.7     
        366.7       366.7       366.7       366.7       379.4       479.5       542.5       559.0       479.4       390.7     
        428.9       432.5       561.5       454.8       506.2       616.7       625.6       635.7       735.3       988.7     
        943.3       817.6       681.4       534.9     
  52  567.6       571.1       567.0       563.7       582.1       603.4       657.5       608.5       624.8       616.7     
        547.1       524.2       546.8       504.6       471.5       449.4       441.7       429.9       417.7       397.9     
        396.0       413.4       406.5       393.3       376.7       367.4       369.2       368.8       370.1       368.0     
        367.2       366.9       366.8       366.8       366.8       366.8       367.1       366.8       371.9       369.1     
        367.4       368.6       374.1       395.5       369.9       366.8       366.7       366.7       367.2       371.5     
        367.2       366.8       366.7       366.8       366.7       366.7       366.7       366.7       366.7       366.7     
        366.7       366.8       366.7       366.7       394.0       507.4       674.6       654.0       479.7       456.9     
        482.9       480.2       611.0       496.3       489.5       552.2       617.8       676.1       765.9       1008.     
        968.0       842.2       684.4       548.0     
  53  552.3       559.3       554.6       553.8       566.1       591.0       586.6       601.5       623.4       583.8     
        523.9       504.6       537.3       491.3       462.5       439.7       421.2       407.8       401.8       409.4     
        417.3       422.0       411.5       396.6       382.6       367.6       366.8       366.8       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.8       366.8       367.3       366.8     
        366.9       366.8       368.9       384.2       381.3       367.1       366.7       366.7       366.7       366.7     
        366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7     
        366.7       366.8       367.6       366.9       409.2       468.5       638.0       809.4       615.2       533.3     
        552.7       588.2       644.4       553.4       542.2       531.1       607.0       662.0       768.8       969.7     
        1014.       893.8       694.6       553.8     
54    540.9       548.2       540.9       546.2       543.3       562.7       584.1       609.0       580.4       524.8     
        499.2       487.0       516.9       488.6       455.8       426.9       413.9       420.0       425.0       432.3     
        437.7       438.0       426.4       416.1       402.8       387.6       370.2       366.8       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.8       366.8       366.8       366.8     
        366.8       366.8       367.4       368.4       367.1       366.8       366.7       366.7       366.7       366.7     
        366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7     
        366.7       414.2       431.3       373.5       515.1       540.3       619.9       846.9       758.9       551.5     
        627.6       683.0       696.8       623.3       588.3       558.7       589.9       648.9       730.9       895.2     
        923.4       884.7       726.2       548.1     
  55  528.2       530.4       529.7       530.1       531.7       552.0       551.4       556.3       542.9       534.1     
        543.3       478.4       512.0       480.9       447.4       422.0       432.9       442.0       447.8       459.8     
        461.5       457.0       453.8       444.9       431.4       412.6       397.0       388.7       373.9       372.8     
        367.1       367.0       366.8       366.8       366.8       366.8       366.8       366.8       366.8       366.8     
        366.8       366.8       366.9       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7     
        385.7       563.7       522.6       395.7       466.5       574.3       674.9       918.5       927.2       664.2     
        624.5       746.7       730.2       683.0       644.3       601.8       605.2       647.4       735.2       866.8     
        844.6       794.2       697.9       555.9     
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  56  514.7       514.6       516.7       515.7       518.3       525.5       521.4       530.6       568.8       573.7     
        561.1       472.1       453.9       449.6       432.8       430.4       451.6       459.8       468.3       483.6     
        485.8       476.9       482.6       472.7       465.5       441.1       434.1       422.3       403.7       392.8     
        381.7       369.9       367.5       366.8       366.8       366.8       366.8       366.8       366.8       366.8     
        368.0       372.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7     
        429.5       639.6       519.1       456.7       563.4       620.6       764.6       958.6       1033.       798.1     
        672.5       780.3       774.8       749.1       707.3       635.5       627.0       653.5       718.5       832.6     
        832.7       750.8       693.1       557.4     
  57  503.2       504.6       506.9       504.2       503.1       502.3       500.4       499.7       499.0       521.8     
        534.8       460.6       439.3       433.3       439.3       469.0       495.3       494.0       485.5       501.4     
        513.3       498.6       513.6       512.1       506.0       490.8       465.9       451.7       428.8       424.4     
        406.0       390.2       369.5       366.8       366.8       366.8       366.8       366.8       366.8       366.8     
        366.8       368.7       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       368.3     
        463.5       651.0       566.4       496.5       675.9       668.5       829.5       1020.       1016.       849.0     
        709.8       812.2       830.0       799.5       734.1       670.4       655.3       675.8       724.6       843.0     
        833.3       740.9       667.7       558.1     
  58    493.8       495.8       497.2       494.3       490.9       485.9       483.5       481.1       469.0       469.4     
        479.8       445.4       445.2       458.6       496.7       525.6       543.9       537.8       505.8       522.1     
        538.2       527.4       562.5       560.1       550.1       523.2       519.6       475.3       453.9       444.6     
        425.5       407.7       382.6       367.7       366.8       366.8       366.8       366.8       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       366.7       366.7       366.7       366.7       366.7       366.7       366.7       368.5       381.9     
        507.6       653.2       625.3       530.8       683.3       777.8       940.7       1055.       986.9       854.0     
        747.3       846.1       871.0       818.7       745.1       713.6       692.2       706.7       746.4       854.0     
        812.7       735.8       661.7       576.8     
  59  486.4       486.5       486.0       484.7       480.5       475.3       469.9       465.5       460.4       455.5     
        449.5       456.1       463.1       493.2       560.2       609.3       593.8       545.0       548.7       552.6     
        559.6       567.0       580.5       568.9       565.1       557.9       517.7       514.8       480.1       453.3     
        439.6       416.9       398.6       373.8       366.8       366.8       366.8       366.8       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       366.7       366.7       366.7       366.7       366.7       368.5       372.5       394.6       424.9     
        591.3       683.4       654.4       578.8       656.3       787.7       968.3       1097.       1002.       901.9     
        809.9       811.5       803.5       773.1       744.8       755.2       727.8       746.2       802.5       871.9     
        807.2       728.7       670.1       583.1     
 60   480.8       480.5       477.2       475.2       472.5       469.4       465.2       462.7       467.2       484.8     
        478.3       471.9       476.7       508.5       534.0       572.3       596.0       555.1       588.8       571.9     
        583.7       602.9       600.2       585.7       595.4       581.8       545.3       532.8       495.8       472.7     
        454.0       446.2       415.6       391.0       369.0       366.9       366.8       366.8       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       366.7       366.7       366.7       369.4       384.3       385.2       401.2       425.7       464.6     
        635.5       749.4       716.0       624.4       707.3       896.8       1017.       1098.       989.7       923.5     
        857.4       821.9       789.8       768.8       810.7       858.1       792.2       787.2       844.1       927.3     
        821.0       719.9       660.6       590.6     
  61  480.8       478.7       475.4       470.9       469.6       470.7       471.1       470.9       475.6       512.2     
        538.5       495.7       490.5       501.1       521.1       544.6       552.9       570.1       610.9       593.2     
        614.9       618.0       631.3       632.5       656.4       674.2       570.6       548.3       516.2       508.9     
        481.1       451.4       419.6       407.7       382.9       367.5       366.8       366.8       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       366.7       367.6       376.5       396.4       420.8       423.2       446.5       445.1       495.1     
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        603.9       696.2       750.1       666.1       731.0       885.2       1065.       1083.       986.8       938.4     
        873.3       830.5       809.3       873.5       881.8       915.2       840.5       835.9       883.5       901.0     
        834.3       740.7       699.1       599.8     
  62  483.1       483.4       480.8       477.1       477.6       477.2       479.6       480.4       485.5       496.5     
        516.3       517.0       508.3       525.2       531.0       544.8       557.0       581.2       613.3       642.5     
        637.2       653.2       676.7       660.2       702.4       646.9       593.0       562.2       540.8       526.4     
        500.2       465.3       436.1       417.2       390.7       372.2       366.8       375.9       367.7       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       369.3       389.0       413.6       434.5       450.8       469.7       486.7       494.7       543.3     
        591.8       692.3       750.7       698.3       776.7       893.1       1084.       1065.       962.0       925.3     
        888.8       846.0       916.5       993.6       993.9       936.9       854.3       841.1       876.7       840.0     
        785.0       708.3       640.4       573.8     
  63  486.7       488.6       486.2       484.7       486.5       488.3       489.9       491.9       497.9       506.1     
        524.7       533.1       527.4       535.1       554.9       558.8       588.7       635.3       643.9       678.5     
        677.4       699.3       695.1       666.4       685.4       643.3       622.7       573.4       545.6       511.8     
        511.8       467.9       450.7       423.8       398.6       377.7       368.7       409.1       368.0       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       400.8       437.5       451.7       470.7       497.4       526.6       539.8       550.8       583.9     
        630.9       674.0       749.8       736.3       779.9       906.8       1064.       1014.       963.4       946.7     
        916.3       880.7       956.2       982.9       1003.       945.2       872.8       810.9       838.0       816.9     
        749.7       683.3       639.1       567.9     
  64  491.6       492.6       491.4       491.4       494.1       496.9       499.8       503.5       510.8       518.4     
        530.5       555.5       551.6       554.8       564.5       604.2       637.0       701.4       673.0       690.4     
        681.3       715.5       717.7       698.3       694.8       680.6       650.2       598.4       559.0       535.9     
        518.4       470.5       435.2       420.5       395.1       377.2       372.8       415.9       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.8       406.6       460.4       511.7       528.4       548.0       579.6       610.1       630.5       644.3     
        678.5       679.0       717.3       764.0       790.8       887.6       1015.       1011.       982.0       971.9     
        945.0       905.9       923.6       923.1       938.5       908.1       864.9       795.8       786.4       778.1     
        724.0       684.0       653.9       601.5     
  65  497.0       496.3       496.8       498.7       502.6       506.3       510.3       515.6       523.8       531.7     
        542.0       562.4       576.2       578.4       580.6       625.1       682.9       692.5       697.8       710.1     
        718.8       745.5       743.4       734.3       714.6       670.5       639.0       624.4       619.5       531.4     
        496.9       459.3       427.5       403.5       387.6       373.9       378.7       420.1       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       393.0       455.4       557.4       586.1       658.9       689.4       692.3       772.2       704.3     
        732.6       703.2       742.3       781.8       813.8       946.5       1092.       1061.       1000.       975.4     
        950.8       944.2       931.5       913.2       885.7       891.9       872.7       847.3       775.1       729.5     
        714.2       683.2       661.1       652.6     
66    502.4       501.8       503.5       506.6       511.0       515.6       519.3       525.1       534.0       544.2     
        555.3       567.8       586.3       609.7       613.1       653.0       711.6       722.8       723.1       749.0     
        758.6       772.3       814.3       761.9       732.1       705.5       665.8       653.3       657.7       574.8     
        599.7       520.2       433.1       399.3       379.9       368.2       378.9       397.3       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       367.6       366.7       366.7     
        366.7       379.3       443.0       538.1       652.8       780.8       874.0       825.0       878.1       847.8     
        843.9       767.4       776.5       785.2       825.7       928.8       1112.       1098.       1056.       1012.     
        996.8       974.0       927.7       902.1       874.9       851.2       844.0       840.5       799.4       790.6     
        730.0       685.0       701.1       684.4     
  67  509.3       509.4       511.7       514.5       518.4       523.0       527.4       532.9       542.7       554.0     
        566.1       583.3       605.6       632.9       649.2       668.2       689.9       710.5       725.7       752.4     
        757.9       787.3       836.3       784.0       755.0       728.8       685.5       690.4       648.3       652.1     
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        610.9       503.7       438.5       386.0       371.6       366.8       368.7       373.4       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       372.9       366.7       366.7     
        366.7       382.7       434.3       513.2       642.8       849.7       923.0       960.8       998.0       1023.     
        981.2       843.6       798.1       823.5       851.3       957.3       1112.       1205.       1156.       1056.     
        982.2       960.0       926.2       897.6       868.3       855.6       820.8       799.8       776.5       754.4     
        746.5       716.0       703.9       680.3     
  68  518.9       518.2       520.2       522.7       526.0       530.5       535.9       541.4       551.0       562.0     
        574.4       587.5       601.0       626.6       654.2       672.8       703.1       734.6       730.8       765.8     
        780.2       814.3       841.6       834.0       814.2       753.3       716.7       744.2       723.1       706.6     
        596.6       549.1       468.2       400.9       384.1       368.5       366.8       367.0       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       371.1       406.2       466.7       553.5       695.6       888.4       984.1       1055.       1058.     
        1026.       866.1       833.7       847.4       874.2       1001.       1123.       1325.       1300.       1164.     
        1045.       1006.       960.6       911.5       877.8       841.6       831.5       826.2       799.8       772.9     
        748.7       693.9       677.4       664.2     
  69  529.3       527.7       529.5       532.8       535.9       538.9       544.0       550.2       557.8       569.3     
        582.6       596.5       609.8       626.7       659.5       673.5       702.2       750.9       784.7       788.0     
        809.2       828.0       844.6       884.2       882.1       794.0       758.6       795.4       810.9       810.1     
        696.4       603.5       474.4       411.1       380.9       370.6       366.9       366.8       366.8       366.8     
        366.8       366.8       366.8       366.8       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       367.1       392.4       418.1       484.8       570.7       632.5       778.4       1023.       1074.     
        991.6       905.2       891.4       891.0       894.6       990.9       1180.       1358.       1314.       1160.     
        1064.       986.0       945.7       914.6       886.5       849.3       827.0       815.0       793.4       764.9     
        746.4       700.8       680.7       661.8     
  70  540.0       538.9       541.2       544.6       547.3       549.3       553.0       558.4       564.4       575.3     
        588.7       602.8       617.3       632.1       660.6       709.7       705.9       754.5       841.3       802.0     
        851.7       902.4       859.4       913.5       931.5       944.0       856.2       847.3       823.1       811.0     
        694.8       640.1       572.4       484.0       406.0       391.2       372.6       366.8       366.8       366.8     
        366.8       366.8       366.9       366.9       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       366.9       367.5       375.3       430.6       475.1       541.5       649.7       842.5       929.3     
        858.2       844.0       867.0       837.2       863.6       957.1       1183.       1303.       1352.       1199.     
        1144.       1063.       971.9       938.5       883.0       847.1       823.8       819.6       789.4       754.8     
        715.7       680.6       677.8       642.8     
  71  551.6       552.2       554.4       557.5       560.2       561.6       564.4       567.7       572.1       580.5     
        593.6       608.2       623.5       638.2       653.3       695.5       704.4       738.3       796.5       809.8     
        824.0       855.6       870.2       908.0       974.1       1006.       953.1       829.9       769.6       742.6     
        713.2       694.0       574.8       499.4       444.1       408.0       389.7       374.1       367.5       366.8     
        366.8       366.8       366.8       367.0       366.8       366.8       366.7       366.7       366.7       366.7     
        366.7       366.7       366.7       367.5       388.5       445.8       519.8       592.6       665.1       721.8     
        778.8       770.6       789.3       827.3       879.9       938.9       1087.       1258.       1422.       1313.     
        1266.       1129.       1019.       950.3       897.8       858.5       836.9       811.7       785.3       746.6     
        707.5       678.4       664.0       643.7     
  72  562.5       565.6       568.7       571.9       574.6       575.8       577.2       578.9       580.3       585.7     
        598.3       613.4       629.3       645.1       660.8       683.7       719.6       757.1       751.6       784.8     
        802.4       832.7       870.3       953.8       961.9       1027.       947.4       861.4       823.7       763.0     
        738.4       664.0       646.9       620.8       578.1       487.3       414.9       395.0       380.8       370.2     
        366.8       366.8       366.8       366.8       367.3       366.8       366.7       367.9       496.6       431.8     
        368.3       366.7       457.6       426.4       396.9       437.6       487.3       545.1       597.4       691.4     
        708.4       750.8       840.8       866.8       917.4       954.9       1023.       1164.       1394.       1430.     
        1266.       1241.       1097.       990.5       925.4       896.5       895.8       870.0       808.7       780.2     
        724.6       705.8       694.4       651.5     
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  73  575.9       580.9       585.2       588.0       589.8       590.4       591.4       591.4       591.1       591.8     
        600.3       616.5       633.0       650.9       668.5       684.7       709.4       748.6       785.0       779.5     
        796.0       816.1       851.3       896.2       946.2       1014.       986.8       883.7       831.7       784.2     
        760.5       681.0       645.4       579.3       520.1       473.1       436.5       415.0       400.4       385.2     
        371.7       366.8       366.8       366.8       366.8       366.8       366.7       376.6       591.0       593.4     
        476.6       370.9       518.8       441.2       422.6       444.0       488.0       533.1       565.0       622.3     
        719.3       776.2       831.1       865.8       929.0       927.0       1010.       1140.       1240.       1420.     
        1479.       1402.       1202.       1073.       989.8       958.7       923.6       888.0       841.6       802.6     
        762.5       729.2       705.1       680.7     
  74  589.4       596.0       602.8       605.0       606.4       606.7       606.9       605.7       604.5       602.7     
        604.5       617.0       634.0       652.9       671.7       690.8       711.2       735.8       767.0       787.5     
        796.4       815.2       840.2       873.5       919.2       956.3       1003.       914.8       826.4       760.5     
        715.1       691.8       656.3       602.8       534.5       485.5       454.6       433.7       417.8       401.4     
        384.9       370.3       366.8       366.8       366.8       368.0       398.2       488.0       564.9       518.8     
        373.5       464.2       523.4       479.9       456.9       473.4       515.3       564.8       601.2       623.2     
        685.2       776.4       880.2       850.8       870.3       894.4       995.2       1080.       1198.       1404.     
        1551.       1348.       1215.       1078.       983.1       963.2       910.6       873.6       855.9       800.5     
        767.2       732.7       708.5       674.7     
  75  603.3       612.9       621.1       623.6       623.9       623.5       622.5       620.3       618.5       615.8     
        613.9       618.7       632.3       649.8       666.7       682.6       701.9       750.2       765.2       778.4     
        788.3       811.3       836.2       861.1       905.4       970.0       1034.       1012.       894.7       799.4     
        748.6       656.4       611.9       572.4       532.4       498.1       470.0       451.5       433.9       421.7     
        411.9       405.0       395.3       381.9       388.1       447.3       506.7       463.2       453.5       383.6     
        385.2       456.4       496.0       500.6       504.1       518.3       536.6       575.1       633.7       682.0     
        708.7       813.0       848.8       816.9       844.3       892.4       964.1       1037.       1140.       1367.     
        1442.       1216.       1127.       1097.       1037.       1009.       930.7       888.1       845.2       799.3     
        771.9       736.2       695.7       671.9     
  76  641.5       632.4       640.4       643.2       641.5       640.3       638.3       634.7       632.0       628.6     
        624.8       623.5       630.9       643.6       657.0       668.7       685.7       743.1       772.5       779.8     
        789.0       806.9       825.5       848.1       880.5       928.8       1028.       1041.       880.2       815.5     
        735.6       676.1       631.7       581.3       540.4       506.5       486.3       470.1       455.1       448.2     
        456.7       533.0       528.4       514.6       513.0       489.2       480.5       450.1       348.3       393.9     
        448.2       414.7       448.9       479.8       491.3       535.9       584.8       596.8       639.9       735.5     
        748.2       829.2       810.0       786.0       825.3       868.0       957.6       1078.       1217.       1306.     
        1424.       1334.       1309.       1227.       1114.       1087.       1017.       1008.       912.0       814.1     
        767.6       727.6       707.9       688.2     
  77  728.2       693.4       663.5       662.3       659.5       657.9       654.3       649.4       645.2       641.4     
        636.9       633.3       633.9       641.8       653.8       669.1       687.8       738.9       784.1       798.7     
        802.3       814.3       832.4       849.2       869.2       897.0       957.9       1040.       946.5       810.7     
        755.3       714.3       638.8       585.1       545.1       522.0       504.1       495.8       484.3       487.2     
        516.0       549.8       524.2       562.5       508.3       457.2       451.3       335.5       371.5       458.5     
        431.4       436.0       449.7       479.5       501.7       553.5       599.0       637.8       671.8       728.0     
        779.2       777.6       760.7       767.7       801.4       866.8       971.3       1138.       1233.       1294.     
        1360.       1436.       1322.       1243.       1121.       1100.       1062.       970.3       885.9       825.5     
        776.3       751.8       721.9       701.9     
  78  892.3       753.4       706.0       681.1       677.7       674.7       670.2       663.4       658.1       653.4     
        648.7       644.8       642.6       645.6       655.8       672.0       700.7       738.3       780.5       813.3     
        829.2       835.1       852.7       872.6       886.9       897.8       930.9       1001.       998.6       846.8     
        768.6       716.3       693.7       586.9       557.1       546.4       535.4       532.5       546.2       538.1     
        554.4       550.7       569.3       522.1       506.4       451.6       465.3       304.1       360.6       422.9     
        380.3       416.0       436.5       479.4       518.8       558.2       599.4       644.7       685.8       724.7     
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        736.8       717.0       716.3       744.9       783.8       832.8       927.5       1071.       1156.       1177.     
        1300.       1445.       1280.       1170.       1040.       990.2       943.8       900.2       865.1       815.0     
        781.8       756.7       728.9       706.8     
  79  922.2       771.1       716.9       699.1       695.4       691.1       684.8       676.0       670.3       665.1     
        660.2       656.4       653.0       653.9       661.8       675.6       704.2       754.3       790.5       804.2     
        845.0       863.1       891.6       920.1       919.4       920.6       932.7       993.6       977.6       860.7     
        812.9       780.8       652.5       595.5       583.7       584.8       587.9       583.8       635.4       643.9     
        631.0       614.9       571.9       507.5       463.4       416.7       380.6       315.3       272.0       335.5     
        375.1       406.5       441.8       481.5       516.7       565.0       613.5       657.1       713.0       729.9     
        698.1       679.5       716.8       774.7       814.7       833.8       937.4       1016.       1064.       1207.     
        1311.       1482.       1415.       1272.       1127.       1066.       947.2       887.4       850.5       813.5     
        784.6       757.1       731.8       707.1     
  80  861.2       781.6       738.1       725.5       714.0       707.2       697.9       688.6       682.7       677.1     
        672.3       666.3       661.9       661.7       670.6       685.9       707.1       743.1       793.5       819.6     
        845.4       886.8       924.6       976.9       966.6       957.9       1006.       980.4       931.7       873.3     
        790.5       705.6       639.7       613.6       618.5       642.4       671.7       670.9       700.9       721.3     
        707.6       729.4       639.0       561.8       522.2       456.6       422.0       404.2       250.9       315.3     
        423.0       422.5       467.0       508.0       534.4       571.3       626.7       682.3       695.6       670.4     
        646.2       672.5       729.8       799.3       882.9       892.2       952.7       1103.       1127.       1264.     
        1386.       1520.       1526.       1363.       1261.       1108.       976.7       942.2       876.9       830.3     
        798.6       770.3       740.5       709.6     
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HYDROGEOLOGY 
 As noted above, surface geology was obtained from Felger, and Beard (2010) at: 
https://doi.org/10.1130/SPE463 
Geology was combined based upon interpreted hydrologic properties including similar 
transmissivity and porosity expected from similar rock types. This interpretive process followed 
reports by Wilson et al. (1969) conducted in the same area (Figure 31; above). Resulting 
hydrogeologic units (HGU) were compiled and represent in the MODFLOW model by the 
following volumes: 
HGU No. of Cells Area (sq. meters) volume (m3) 
Basin Fill 1249 3.12E+08 3.75E+11 
Sandstone 1875 4.69E+08 5.63E+11 
Carbonate 965 2.41E+08 2.90E+11 
Volcanic 1897 4.74E+08 5.69E+11 




MODFLOW is a modular finite-difference groundwater model that with an object-
oriented framework that supports the integration of multiple modules identified as model 
packages. The table below outlines the model packages used in the MODFLOW construction for 
this study. Included in the table are Model package controls that identify the primary function of 
the package; individual model package identification; a brief package description; and variables 
associated with individual packages (when applicable). 
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MODEL PACKAGE 
CONTROLS 




    
 NPF – Node Property Flow package. 
Calculates water flow between 
cells  
 STO – Storage package.  Contains cell storage properties  
 HFB – Horizontal Flow Barrier package Defines barriers to flow Faulting (LVVSZ) 
BOUNDARY CONDITIONS:    
(Specified head) CHD – Time-Variant Specified-Head Package 
Specify water elevation (head) in 
cell Reservoir volume 
(Specified flux) RCH – Recharge package Simulate specified flux over the top of a model cell Precipitation 
(Head-dependent flux) GHB – General-Head Boundary package 
Simulate head-dependent flux 
boundaries Water-level contours 
SOLVERS:    
 IMS – Iterative Model Solution 
MODFLOW 6 solver – 
organizes all modules added.  
OBSERVATIONS:    
 OBS – Observation Utility Water-level observations at specified points. Well observations 
POST PROCESSORS:    
 MODPATH – Postprocessor (Pollock, 2017). 




System Dynamics model equation and associated input data (ordered by module). 
 { VERSION 1.9.3 } 
 
{ INITIALIZATION EQUATIONS } 
: S CUMULATIVE_BANK_STORAGE = 1317000 
: S RESERVOIR_VOLUME = 23577000 




: f "BSE_(in_&_out)" = "BANK-STORAGE_EXCHANGE_(groundwater_flow)" 
: c Colorado_River = TIME 
UNITS: "Acre-feet" 
: c Virgin_River = TIME 
UNITS: "Acre-feet" 
: c Muddy_River = TIME 
UNITS: "Acre-feet" 
: c Las_Vegas_Wash = TIME 
: c Percent_Inflow = 1 
: c SURFACE_WATER_INFLOW = 
(Colorado_River+Virgin_River+Muddy_River+Las_Vegas_Wash)*Percent_Inflow 
: c Previous_INFLOW = 2922000 
: c RESERVOIR_SURFACE_AREA = (0.0047*RESERVOIR_VOLUME)+21476 
: c "Precipitation_(inches)" = TIME 
UNITS: Inches 
: c PRECIPITATION_converter = (RESERVOIR_SURFACE_AREA) 
*("Precipitation_(inches)"/12) 
UNITS: "Acre-feet" 
DOCUMENT: From variation in lake capacity with elevation 2010 bathymetry survey: 
(-Reservoir_Volume^2)+Reservoir_Volume+838.89 
X 
Input precipitation (inches - assumed to be over 1 acre - acre-inch) = 0.083333333 
: f INFLOW_to_RESERVOIR = IF (SURFACE_WATER_INFLOW<0)THEN 
Previous_INFLOW ELSE PRECIPITATION_converter+SURFACE_WATER_INFLOW 
: c Hoover_Dam_Release = TIME 
UNITS: "Acre-feet" 
: c Previous_OUTFLOW = 9743000 
: c Percent_Outflow = 1 
: c EVAPORATION_converter = 6.48*RESERVOIR_SURFACE_AREA-38600.25 
UNITS: "Acre-feet" 




APPENDIX C (cont’d) 
System Dynamics model equation and associated input data (ordered by module). 
DOCUMENT: 2019 expected population in Las Vegas 
: c Percent_Population_Change = 1 
: c WATER_USE = (0.5809*(Population*Percent_Population_Change))-103439 
UNITS: "Acre-feet" 
: f OUTFLOW_from_RESERVOIR = IF (Hoover_Dam_Release<0) THEN 
Previous_OUTFLOW ELSE 
((Hoover_Dam_Release*Percent_Outflow)+EVAPORATION_converter+WATER_USE) 




{ RUNTIME EQUATIONS } 
: S CUMULATIVE_BANK_STORAGE(t) = CUMULATIVE_BANK_STORAGE(t - dt) + ( - 
"BSE_(in_&_out)") * dt 
: S RESERVOIR_VOLUME(t) = RESERVOIR_VOLUME(t - dt) + 
(INFLOW_to_RESERVOIR - OUTFLOW_from_RESERVOIR) * dt 




: f "BSE_(in_&_out)" = "BANK-STORAGE_EXCHANGE_(groundwater_flow)" 
: c Colorado_River = GRAPH(TIME) 
(1.00, 3577766.000), (2.00, 11776400.000), (3.00, 8229004.000), (4.00, 8032870.000), (5.00, 
9371970.000), (6.00, 9542365.000), (7.00, 8600256.000), (8.00, 9569915.000), (9.00, 
9799958.000), (10.00, 9828574.000), (11.00, 9114976.000), (12.00, 9210366.000), (13.00, 
9672419.000), (14.00, 7596412.000), (15.00, 9331001.000), (16.00, 8696878.000), (17.00, 
11766170.000), (18.00, 7920699.000), (19.00, 9335232.000), (20.00, 18922967.000), (21.00, 
20602476.000), (22.00, 17154478.000), (23.00, 18996396.000), (24.00, 11901341.000), (25.00, 
8237533.000), (26.00, 8373361.000), (27.00, 8392734.000), (28.00, 9014256.000), (29.00, 
8737251.000), (30.00, 9439173.000), (31.00, 8561607.000), (32.00, 10914288.000), (33.00, 
11378358.000), (34.00, 15818452.000), (35.00, 12966973.000), (36.00, 12455130.000), (37.00, 
9171799.000), (38.00, 8646027.000), (39.00, 8333185.000), (40.00, 8842973.000), (41.00, 
9109539.000), (42.00, 9204821.000), (43.00, 9192828.000), (44.00, 9010059.000), (45.00, 
9994202.000), (46.00, 9143965.000), (47.00, 9141344.000), (48.00, 14413123.000), (49.00, 
8816763.000), (50.00, 8739822.000), (51.00, 8639507.000), (52.00, 9479236.000), (53.00, 
9906055.000), (54.00, 9561442.000), (55.00, 9957249.000) 
UNITS: "Acre-feet" 
: c Virgin_River = GRAPH(TIME) 
(1.00, 86364.0), (2.00, 154262.0), (3.00, 168147.0), (4.00, 124381.0), (5.00, 123454.0), (6.00, 
351353.0), (7.00, 91920.0), (8.00, 109467.0), (9.00, 128290.0), (10.00, 302466.0), (11.00, 
82248.0), (12.00, 102554.0), (13.00, 97184.0), (14.00, 71344.0), (15.00, 236839.0), (16.00, 
283762.0), (17.00, 440651.0), (18.00, 146521.0), (19.00, 184276.0), (20.00, 457315.0), (21.00,  
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172905.0), (22.00, 171018.0), (23.00, 147198.0), (24.00, 133564.0), (25.00, 175806.0), (26.00, 
116419.0), (27.00, 76097.0), (28.00, 75648.0), (29.00, 152618.0), (30.00, 415778.0), (31.00,  
113792.0), (32.00, 333907.0), (33.00, 113632.0), (34.00, 154049.0), (35.00, 284602.0), (36.00, 
118215.0), (37.00, 110900.0), (38.00, 103535.0), (39.00, 77086.0), (40.00, 78496.0), (41.00, 
131851.0), (42.00, 565771.0), (43.00, 145316.0), (44.00, 89714.0), (45.00, 94966.0), (46.00, 
78094.0), (47.00, 240733.0), (48.00, 244925.0), (49.00, 100902.0), (50.00, 93300.0), (51.00, 
93186.0), (52.00, 81263.0), (53.00, 106054.0), (54.00, 141464.0), (55.00, 88735.0) 
UNITS: "Acre-feet" 
: c Muddy_River = GRAPH(TIME) 
(1.00, 29261.0), (2.00, 31970.0), (3.00, 30617.0), (4.00, 32272.0), (5.00, 31730.0), (6.00, 
39394.0), (7.00, 33107.0), (8.00, 30532.0), (9.00, 31999.0), (10.00, 30318.0), (11.00, 28421.0), 
(12.00, 28648.0), (13.00, 31170.0), (14.00, 25778.0), (15.00, 40298.0), (16.00, 31302.0), (17.00, 
32661.0), (18.00, 33285.0), (19.00, 26932.0), (20.00, 40759.0), (21.00, 27491.0), (22.00, 
26197.0), (23.00, 26867.0), (24.00, 28096.0), (25.00, 25845.0), (26.00, 21873.0), (27.00, 
29651.0), (28.00, 26389.0), (29.00, 27646.0), (30.00, 38886.0), (31.00, 24354.0), (32.00, 
23137.0), (33.00, 22287.0), (34.00, 21249.0), (35.00, 27802.0), (36.00, 18010.0), (37.00, 
19000.0), (38.00, 15292.0), (39.00, 17133.0), (40.00, 18612.0), (41.00, 19316.0), (42.00, 
38804.0), (43.00, 18996.0), (44.00, 16453.0), (45.00, 17064.0), (46.00, 19488.0), (47.00, 
26825.0), (48.00, 23956.0), (49.00, 25191.0), (50.00, 23155.0), (51.00, 32377.0), (52.00, 
29338.0), (53.00, 27140.0), (54.00, 25581.0), (55.00, 30680.0) 
UNITS: "Acre-feet" 
: c Las_Vegas_Wash = GRAPH(TIME) 
(1.00, 18611.0), (2.00, 17399.0), (3.00, 20731.0), (4.00, 22470.0), (5.00, 24408.0), (6.00, 
30890.0), (7.00, 37109.0), (8.00, 34798.0), (9.00, 41583.0), (10.00, 44940.0), (11.00, 48675.0), 
(12.00, 55434.0), (13.00, 62396.0), (14.00, 61150.0), (15.00, 64210.0), (16.00, 67047.0), (17.00, 
72792.0), (18.00, 71109.0), (19.00, 78946.0), (20.00, 84217.0), (21.00, 82407.0), (22.00, 
69495.0), (23.00, 77714.0), (24.00, 88180.0), (25.00, 104691.0), (26.00, 120010.0), (27.00, 
125009.0), (28.00, 123197.0), (29.00, 139775.0), (30.00, 133576.0), (31.00, 135931.0), (32.00, 
141776.0), (33.00, 147639.0), (34.00, 163356.0), (35.00, 156593.0), (36.00, 157180.0), (37.00, 
155719.0), (38.00, 164938.0), (39.00, 178530.0), (40.00, 193450.0), (41.00, 206052.0), (42.00, 
211025.0), (43.00, 210276.0), (44.00, 224029.0), (45.00, 208578.0), (46.00, 207763.0), (47.00, 
223133.0), (48.00, 218389.0), (49.00, 221263.0), (50.00, 214997.0), (51.00, 216472.0), (52.00, 
226650.0), (53.00, 229390.0), (54.00, 223861.0), (55.00, 229090.0) 
: c SURFACE_WATER_INFLOW = 
(Colorado_River+Virgin_River+Muddy_River+Las_Vegas_Wash)*Percent_Inflow 
: c RESERVOIR_SURFACE_AREA = (0.0047*RESERVOIR_VOLUME)+21476 
: c "Precipitation_(inches)" = GRAPH(TIME) 
(1.00, 1.39), (2.00, 7.11), (3.00, 3.83), (4.00, 5.03), (5.00, 2.19), (6.00, 6.41), (7.00, 5.12), (8.00, 
4.22), (9.00, 4.12), (10.00, 4.64), (11.00, 7.01), (12.00, 3.93), (13.00, 8.70), (14.00, 5.10), (15.00, 
11.98), (16.00, 7.28), (17.00, 9.49), (18.00, 7.64), (19.00, 6.56), (20.00, 7.35), (21.00, 13.36), 
(22.00, 4.13), (23.00, 5.09), (24.00, 7.43), (25.00, 3.01), (26.00, 3.03), (27.00, 5.34), (28.00,  
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7.87), (29.00, 11.18), (30.00, 8.52), (31.00, 3.94), (32.00, 5.76), (33.00, 2.41), (34.00, 9.06), 
(35.00, 7.47), (36.00, 4.01), (37.00, 2.08), (38.00, 0.67), (39.00, 0.77), (40.00, 5.94), (41.00,  
7.20), (42.00, 7.37), (43.00, 1.69), (44.00, 2.73), (45.00, 2.64), (46.00, 1.59), (47.00, 5.90), 
(48.00, 2.34), (49.00, 5.31), (50.00, 2.96), (51.00, 1.81), (52.00, 4.49), (53.00, 4.77), (54.00, 
2.38), (55.00, 3.39) 
UNITS: Inches 
: c PRECIPITATION_converter = (RESERVOIR_SURFACE_AREA) 
*("Precipitation_(inches)"/12) 
UNITS: "Acre-feet" 
DOCUMENT: From variation in lake capacity with elevation 2010 bathymetry survey: 
(-Reservoir_Volume^2)+Reservoir_Volume+838.89 
X 
Input precipitation (inches - assumed to be over 1 acre - acre-inch) = 0.083333333 
: f INFLOW_to_RESERVOIR = IF (SURFACE_WATER_INFLOW<0)THEN 
Previous_INFLOW ELSE PRECIPITATION_converter+SURFACE_WATER_INFLOW 
{UNIFLOW} 
: c Hoover_Dam_Release = GRAPH(TIME) 
(1.00, 8158081.000), (2.00, 7791614.000), (3.00, 7780771.000), (4.00, 7931254.000), (5.00, 
7837756.000), (6.00, 7892419.000), (7.00, 8022381.000), (8.00, 8163833.000), (9.00, 
8099137.000), (10.00, 8300251.000), (11.00, 8731072.000), (12.00, 8365694.000), (13.00, 
7926146.000), (14.00, 7872676.000), (15.00, 7475716.000), (16.00, 7720089.000), (17.00, 
11086895.000), (18.00, 8282357.000), (19.00, 7452578.000), (20.00, 19066579.000), (21.00, 
21410525.000), (22.00, 17207978.000), (23.00, 17527841.000), (24.00, 11333247.000), (25.00, 
9419133.000), (26.00, 9163857.000), (27.00, 9203631.000), (28.00, 8953423.000), (29.00, 
7810159.000), (30.00, 7445025.000), (31.00, 9351671.000), (32.00, 8543944.000), (33.00, 
9064966.000), (34.00, 11050984.000), (35.00, 11786083.000), (36.00, 9240913.000), (37.00, 
10675875.000), (38.00, 10205836.000), (39.00, 10441864.000), (40.00, 9365254.000), (41.00, 
9063400.000), (42.00, 8203383.000), (43.00, 9260296.000), (44.00, 9361949.000), (45.00, 
9545338.000), (46.00, 9479915.000), (47.00, 9450793.000), (48.00, 9206305.000), (49.00, 
9388443.000), (50.00, 9375281.000), (51.00, 9614840.000), (52.00, 9414000.000), (53.00, 
9275996.000), (54.00, 8730095.000), (55.00, 9101679.000) 
UNITS: "Acre-feet" 
: c EVAPORATION_converter = 6.48*RESERVOIR_SURFACE_AREA-38600.25 
UNITS: "Acre-feet" 
: c Population = GRAPH(TIME) 
(1.00, 187400.0), (2.00, 203000.0), (3.00, 219400.0), (4.00, 236700.0), (5.00, 254700.0), (6.00, 
267479.0), (7.00, 276079.0), (8.00, 293008.0), (9.00, 307426.0), (10.00, 319399.0), (11.00, 
336930.0), (12.00, 351339.0), (13.00, 369529.0), (14.00, 389965.0), (15.00, 412913.0), (16.00, 
441358.0), (17.00, 469185.0), (18.00, 492747.0), (19.00, 513708.0), (20.00, 530195.0), (21.00, 
544893.0), (22.00, 561081.0), (23.00, 580775.0), (24.00, 611763.0), (25.00, 647410.0), (26.00, 
691467.0), (27.00, 756170.0), (28.00, 816085.0), (29.00, 857357.0), (30.00, 902338.0), (31.00, 
972624.0), (32.00, 1035847.0), (33.00, 1099894.0), (34.00, 1177230.0), (35.00, 1251258.0),  
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(36.00, 1321254.0), (37.00, 1393909.0), (38.00, 1460500.0), (39.00, 1522962.0), (40.00, 
1584166.0), (41.00, 1662773.0), (42.00, 1729522.0), (43.00, 1803774.0), (44.00, 1867817.0),  
(45.00, 1912349.0), (46.00, 1939407.0), (47.00, 1953216.0), (48.00, 1966295.0), (49.00, 
1995815.0), (50.00, 2025096.0), (51.00, 2064899.0), (52.00, 2109289.0), (53.00, 2155664.0), 
(54.00, 2204079.0), (55.00, 2231647.0) 
UNITS: People 
DOCUMENT: 2019 expected population in Las Vegas 
: c WATER_USE = (0.5809*(Population*Percent_Population_Change))-103439 
UNITS: "Acre-feet" 















{ The model has 24 (24) variables (array expansion in parens). 
In root model and 0 additional modules with 0 sectors. 
Stocks: 2 (2) Flows: 3 (3) Converters: 19 (19) 
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